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REMARKS 

Pending Claims 

Before entry of the foregoing amendments. Claims 1-10 are pending in the above- 
captioned application. Claims 1-10 are directed to a method of inhibiting neoplastic cellular 
proliferation and/or transformation of a mammalian cell. 

The Office Action. Applicant's Response and Amendment 

The Examiner acknowledged Applicant's election, in Paper No. 11, of designated 
claim Group I (Claims 1-10), without traverse, in response to a restriction requirement. The 
Examiner acknowledged the entry of Applicant's amendment cancelling Claim 1 1-23, without 
prejudice, and with a reservation of all rights under 35 U.S. C. § 121. 

The Examiner noted that if AppUcant desires priority under 35 U.S. C. § 120 or § 
1 19(e) based upon a previously filed copending application, specific reference to the earlier 
filed application must be made in the instant application and that this reference should appear 
as the first sentence of the specification following the title, preferably a separate paragraph, 
not as in the application as filed in which the reference regarding the claimed priority is in the 
second paragraph. Appropriate correction was required. Accordingly, Applicant has inserted 
the reference to priority applications at page 1, line 4 et seq. and has deleted the reference at 
page 1, lines 8-15. Further, the continuing data have been updated whh respect to U.S. Serial 
No. 08/894,251, filed on July 23, 1999, which issued as U.S. Patent No. 6,455,305, on 
September 24, 2002. 

The Statement of U.S. Government rights has been inserted as the second paragraph, 
instead of as first paragraph. 

The amendment to Claim 7 is merely refining for the sake of greater clarity. 
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The broadening amendment in Claim 8 is supported in the specification, e.g., at page 
30, line 7 through through page 34, line 15, especially at page 31, line 8 through page 32 line 
2; and page 32, line 30 through page 33, line 20. 

New Claims 24-3 1 are added. 

Support for Claim 24 is found in the specification as originally filed, e.g., in 
Claim 1; and at page 47, line 22 through page 48, line 4, especially page 47, line 30 through 
page 48, line 2. 

Support for Claim 25 is found, e.g., in Claim 2, as originally filed. 

Support for Claim 26 is found, e.g., in Claim 3, as originally filed. 

Support for Claim 27 is found, e.g., in Claim 4, as originally filed. 

Support for Claim 28 is found, e.g., in Claim 5, as originally filed. 

Support for Claim 29 is found, e.g., in Claim 6, as originally filed. 

Support for Claim 30 is found, e.g., in Claim 7, as originally filed. 

Support for Claim 3 1 is found, e.g., in Claim 8, as originally filed; and in the 
specification at page 30, line 7 through through page 34, line 15, especially at page 3 1, line 8 
through page 32 line 2; and page 32, line 30 through page 33, line 20. 

Applicant beUeves that no new matter is introduced by any amendments made herein. 

The Examiner acknowledged Applicant's claim for domestic priority under 35 U.S.C. 
§ 1 19(e) and § 120, however, the Examiner stated that the provisional application 60/031,338 
and applications 89/777,422, 89/730,469, 09/687,911, 09/569,956, 08/894,251 and 
PCT/US 97/2 1463 fail to disclose the nucleotide sequence of SEQ ID No. 63 and the amino 
acid sequence of SEQ ID No. 64. Thus, the benefits of the provisional application 60/03 1,338 
and appUcations 09/777,422, 09,730,469, 09/687,911, 09/569,956, 08/894,251 and 
PCD/US97/21463 were denied. The Examiner stated that the effective filing date of the 
present application is the actual fihng date May 1 1, 2001 . 

The Examiner stated that the specification is "enabling for inducing neoplastic 
transformation by PTTGl polypeptide and the proline-rich domain of PTTGl is important for 
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PTTG-mediated neoplastic transformation, and overexpression of PTTG2 inhibits 
transactivation activity of PTTGl by nearly half in vitro." 

However, no claims were allowed. 

The Examiner asserted the following grounds of rejection. 

A. Rejections under 35 U.S.C. $ 101 

Claim 9 was rejected under, under 35 U.S.C. § 101 [and 35 U.S.C. § 1 12, first 
paragraph], for the following reason stated by the Examiner: 

Claim 9 is rejected under 35 U.S.C. 101 because the claimed invention is not supported by either a specific 
assei-ted utility or a well established utility. 

The specification fails to provide an asserted use that meets the requirement of 35 U.S.C. 101 for inhibiting 
neoplastic cellular proliferation and/or transformation of a mammalian cell in vitro. There is no evidence of record for a 
well-established utility for inhibiting neoplastic cellular proliferation and/or transformation of a mammalian cell in 
vitro. There is no specific utility or a well-established utility for the mammalian cells whose neoplastic cellular 
proHferation and/or transformation has been inhibited. The only readUy apparent use for the method is to study the 
effects of the method. The use of an invention as an object of further research or study does not meet the requirement of 
35 U.S.C. 101. 

Claim 9 is also rejected under 35 U.S.C. 112, first paragraph. Specifically, since the claimed invention is not 
supported by either a specific asserted utility or a well established utility for the reasons set forth above, one skilled in 
the art clearly would not know how to use the claimed invention. 

The rejection is mooted by the cancellation of Claim 9, the subject matter of which the 
Applicant reserves the right to claim in a continuation application, and the amendment to the 
preamble of Claim 1, limiting the claimed method of inhibiting neoplastic cellular proliferation 
and/or transformation, or both, of a mammalian cell, in vivo . . In view of this amendment 
to Claim 1, Applicant has canceled Claim 10 as merely being redundant. 

Consequently, the Examiner is respectflilly requested to withdraw the rejection on this 

ground. 

B. Rejections under 35 U.S.C. $ 1 12. second paragraph 

Claims 1-10 were rejected, under 35 U.S.C. § 1 12, second paragraph. The Examiner 
stated the following reason: 
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The teim "and/or" in claims 1-3 is vague and renders the claims indefinite. It is unclear what is intended to 
be claimed. Changing the term "and/or" to "... or... or both" would be remedial Claims 4-10 depend on claim 1 but fail 
to clarify the indefiniteness. 

In response, Applicant has made appropriate, merely formal refining amendments, to 
Claims 1, 2, and 3, concerning "and/or", which amendments do not narrow the scope of the 
claims. Consequently, the Examiner is respectfiiUy requested to withdraw the rejection of 
Claims 1-8 (Claims 9-10 being canceled) on this ground. 



C. Rejections under 35 U.S.C. ^112. first paragraph 

Claims 1-8 and 10 were rejected under 25 U.S.C. § 1 12, first paragraph, for the 
following reasons: 

... the specification, while being enabling for inducing neoplastic transformation by PTTGl polypeptide and 
the proline-rich domain of PTTGl is important for PTTG-mediated neoplastic transformation, and overexpression of 
PTTG2 inhibits transactivatlon activity of PTTGl by nearly half in vitro, does not reasonably provide enablement for a 
method of inhibiting neoplastic cellular proliferation and/or transformation of a mammalian cell by delivering a 
composition comprising any expression vector expressing a mammalian PTTGl peptide to a mammalian cell via any 
administration route in vivo, where said PTTG2 peptide consists essentially of amino acid residues 1-191 of SEQ ID No. 
64 or a functional fragment thereof comprising at least 1-180 of SEQ ID No. 64, or a mammalian PTTG2 peptide 
having at least 95% identity to the PTTG peptide set forth above. The specification does not enable any person sldUed 
in the art to which it pertains, or with which it is most nearly connected, to use the invention commensurate in scope with 
these claims. 

Claims 1-8 and 10 are directed to a method of inhibiting neoplastic cellular proliferation and/or 
transformation of a mammalian cell, such as a malignant cell, by delivering a composition comprising an expression 
vector expressing a mammalian PTTG2 peptide to a mammalian cell in vitro or in vivo, wherein said PTTG2 peptide 
consists essentially of amino acid residues 1-191 of SEQ ID No. 64 or a functional fragment thereof comprising at least 
1-180 of SEQ ID No. 64, or a mammalian PTTG2 peptide having at least 95% identity to the PTTG peptide set forth 
above, and said expression vector is complexed with a cellular uptake-enhancing agent. 

The specification discloses that stable expression of human PTTGl polypeptide in transfected NIH3T3 cells 
induces tumor formation in vitro and in vivo, and the proline-rich domain of PTTG is important for PTTG-mediated 
neoplastic transformation. Human PTTG2 polypeptide is 90% identical to human PTTGl polypeptide for 179 aimno 
acid residues and its carboxyl terminal is non-homologous for an additional 12 amino acid residues, and removal of the 
carboxy terminal segment increases transactivatlon activity by 26 folds. The specification also discloses that 
overexpression of PTTG2 inhibits transactivatlon activity of PTTGl by nearly half in vitro (specification, page 116). 
The claims encompass inhibiting neoplastic cellular proliferation and/or transformation of a manunalian cell by 
delivering a composition comprising any expression \'ector expressing the claimed mammalian PTTG2 peptide to a 
mammaUan cell via any administration route in vivo. 

The specification fails to provide adequate guidance and evidence for a method of inhibiting neoplastic 
cellular proliferation and/or transformation of a mammaUan cell by delivering a composition comprising any expression 
vector expressing the claimed mammalian PTTG2 peptide to a mammalian cell via any administration route in vivo such 
that therapeutic effect can be obtained in a subject. 

The claims read on gene therapy in vivo. The state of the art for gene therapy was unpredictable at the time of 
the invention. While progress has been made in recent years for gene transfer in vivo, vector targeting to desired tissues 
in vivo continues to be unpredictable and Inefficient as supported by numerous teachings available in the art For 
example, Deonarain (1998, Expert Opin. Ther. Pat., Vol. 8, pages 53-69) indicates that one of the biggest problems 
hampeiing successful gene therapy is the "abihty to target a gene to a significant population of cells and express it at 
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express it at adequate levels for a long enough period of time" (page 53, first paragi'aph). Deonarain reviews new 
techniques under experimentation in the ai*t which show promise but states that such techniques are even less efficient 
than viral gene delivery (see page 65, first paragraph under Conclusion section). Verma (Sept 1997, Nature, VoL 389, 
pages 239-242) reviews vectors known in the art for use in gene therapy and discusses problems associated with each 
type of vector. The teachings of Verma indicate a resolution to vector targeting has not been achieved in the art (see 
entire article). Verma also teaches appropriate regulatory elements may improve expression, but it is unpredictable 
what tissues such regulatory elements target (page 240, sentence bridgmg columns 2 and 3). Verma states that "The 
Achilles heel of gene therapy is gene deliveiy, and this is the aspect that we will concentrate on here. Thus far, the 
problem has been an inability to deliver genes efficiently and to obtain sustained expression... .The use of viruses (viral 
vectors) is powerful technique, because many of them have evolved a specific machinery to deliver DNA to cells, 
However, humans have an immune system to fight off the virus, and our attempts to deliver genes in viral vectors have 
been confronted by these host responses." (e.g. p. 239, column 3). 

Further, Ecket al., 1996 (Goodman & Oilman's The Pharmacological Basis of Therapeutics, McGraw-Hill, 
New York, p. 77-101) states that the fate of the DNA vector itself (volume of distribution, rate of clearance into the 
tissues, etc.), the in vivo consequences of altered gene expression and protein function, the fraction of vector taken up by 
the target cell population, the trafficking of the genetic material within cellular organelles, and the rate of degradation 
of the DNA, the level of mRNA produced, the stability of the mRNA produced, the amount and stability of the protein 
produced, and the protein's compartmentalization within the cell, or its secretory fate, once produced are all important 
factors for a successful gene therapy (e.g. bridging pages 81-82). In addition, Gorecki, 2001 (Expert Opin. Emerging 
Drugs, 6(2): 187-198) reports that "the choice of vectors and delivery routes depends on the nature of the target cells 
and the required levels and stability of expression^* for gene therapy, and obstacles to gene therapy in vivo include "the 
development of effective clinical products" and "the low levels and stability of expression and immune responses to 
vectors and/or gene products" (e.g. abstract). In view of the lack of adequate guidance and evidence and the 
unpredictability in gene transfer as discussed above, one skilled in the art at the time of the invention would not know 
how to use various vectors comprising the polynucleotide encoding the claimed mammalian PTTG2 peptide to inhibit 
neoplastic cellular proliferation and/or transformation of a mammalian cell via any administration route in vivo so as to 
provide therapeutic effect in a subject. 

For the reasons discussed above, it would have required undue experimentation for one skilled in the art at the 
time of the invention to practice over the full scope of the invention claimed. This is particularly true given the nature of 
the invention, the state of the prior art, the breadth of the claims, the amount of experunentation necessary, the working 
examples provided and scarcity of guidance in the specification, and the unpredictable nature of the art. 



Applicant agrees with the Examiner that gene therapy is a relatively new art and is still 
in the process of being developed over the last decade. Nevertheless, "gene therapy has also 
achieved success in four early stage clinical trials — each one surprisingly using a different 
delivery system. We have witnessed the treatment of severe combined immunodeficiency with 
a retroviral vector, hemophilia with an adeno-associated viral vector, cardiovascular disease 
with naked plasmid DNA and cancer therapy using an oncolytic adenovirus." (Anderson, 
W.F., Gene therapy scores against cancer, Nat. Med. 6(8): 862-63 [August 2000], page 862, 
last paragraph [citations omitted]; appended as Exhibit A). As of March 2000, about 350 
gene therapy clinical trials had been conducted or were underway. (Exhibit A: Anderson, 
page 862, column 3). In order to reach the stage of human cUnical trial status, however, pre- 
clinical trials have had to be at least partially successful, and this has required a large body of 
good reliable data on animal models and vectors for mammalian gene therapy. At the time the 
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present specification was filed, there was already a successful model of in utero gene therapy 
in a large mammal, which produced xenogeneic expression over at least 5 years without 
pathology. (E.g., Porada et aL, In utero gene thereapy: transfer and long-term expression of 
the bacterial ne(/ gene in sheep after direct injection of retroviral vectors into preimmune 
fetuses, Human Gene Therapy 9:1571-85 [July 20, 1998]; appended as Exhibit B). Even at 
the time the present application was filed, gene therapy in humans had had some notable 
successes, including long-term in vivo therapeutic expression of exogenous genes and clinical 
improvement in a human suffering from adenosine deaminase deficiency. (Mullen, C.A. et aL, 
Molecular analysis of T lymphocyte-directed gene therapy for adenosine deaminase 
deficiency: long-term expression in vivo of genes introduced with a retroviral vector. Human 
Gene Therapy 7:1123-1 129 [June 1996]; copy appended as Exhibit C). 

As noted by the Examiner, the Gorecki reference, discusses certain obstacles in gene 
therapy in vivo that must be considered, but Gorecki fails to teach that these obstacles prevent 
successful gene therapy. For example, the Gorecki reference describes "exciting 
developments" in gene therapy in recent years (e.g., pp. 194-95) and the hundreds of clinical 
trials being conducted with thousands of patients (e.g., pp. 193-94, bridging paragraph), 
which, Applicant submits, confirms indeed a relatively high level of predictability and 
enablement known in the art, sufficient for patent purposes. 

Applicant's claimed method is not limited to employing any particular expression 
vector system, and can be practiced using a variety of available expression vector systems that 
can be constructed to include "... a polynucleotide . . . comprising a first DNA segment 
encoding a mammalian PTTG2 peptide," as recited in Claim 1 . Contrary to the Examiner's 
assertion, delivery of the expression vector "... such that the PTTG2 peptide is expressed in 
the cell," in accordance with the claimed method would indeed have been enabled by the 
disclosure of the specification and the general knowledge in the art, and success would not 
have been made unpredictable by the problems described by the Examiner, such as targeting, 
lack of expression, and immune clearance. 
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At the time the above-captioned application was filed, the skilled artisan would have 
known of means for delivering an expression vector with the ability, if desired, of particularly 
targeting neoplastic cells and tissues, with respect to the claimed method of inhibiting 
neoplastic cellular proliferation or transformation, or both, of a mammalian cell (e.g.. Claim 1). 
For example, injectable pseudotyped retroviral vectors were known that selectively target 
collagen in the extracellular matrix, which is exposed in neoplastic tissue, since tumor 
invasion, as well as angiogenesis and stroma formation, evoke a remodeling of extracellular 
matrix components and exposure of collagen. (Exhibit D: Hall, F.L. et al^ Molecular 
Engineering of matrix-targeted retroviral vectors incorporating a surveillance function 
inherent in von Willebrand factor^ Human Gene Therapy 1 1:983-993 [May 1, 2000], see, 
e.g., Abstract). Selective transduction of tumor cells in vivo within metastatic tumor foci is 
observed after delivering such a vector by intravascular infusion. (See, e.g.. Exhibit D; Hall 
et al, at page 989, first column, first paragraph; at page 990, first column through page 992, 
first column, end of bridging paragraph). The skilled artisan would also have been aware of 
means for constructing expression vectors with the capacity for sustained tumor-specific 
expression, if desired, for example, by incorporating hypoxia-responsive elements (HREs) 
along with a constitutive CMV or other promoter, which could selectively express an 
exogenous gene in neoplastic cells in tumor tissues, which tend to be hypoxic compared to 
normal tissues. (E.g., Exhibit E: Shibata, T. et al. Development of a hypoxia-responsive 
vector for tumor-specific gene therapy. Gene Therapy 7:493-98 [2000], see, e.g.. Abstract). 
The above are merely non-exhaustive examples of expression vector constructs with which the 
skilled artisan would have been able to overcome the problems that the Examiner has raised. 

Finally, with respect to the Examiner's assertion that the human immune system will 
prevent the effective delivery of DNA even by viral vectors, Applicant submits a number of 
pre-filing date references, substantially more recent than the cited Verma and Eck et al. 
references, that show that effective systemic delivery of exogenous DNA is reasonably 
predictable in immunocompetent subjects. For example, Rainov et al. (Cancer Gene Ther. 
5(3): 158-62 [1998]; abstract appended as Exhibit F) describes intraarterial (intracarotid) 
delivery of HSV-1 mutant hrR3 vector + gancylovir to intracerebral 9L tumors (gliosarcoma) 
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in immunocompetent Fischer (F344) rats. Their procedure resulted in eradication of tumors 
in 80% of test animals compared to 100% mortality in the control group. The Rainov et al 
(1998) reference also shows that it was known in the art that increasing the dose of a viral 
vector (e.g., in Exhibit F; Rainov etal [1998]: 10^^ pfli versus 10^ or 10^ pfli) could improve 
results. This is an indication that even were host immune response a significant factor, it 
could be predicatbly overcome with increased vector dose to ensure adequate gene delivery to 
target cells via a systemic administration route. 

Another example, Rainov et al^ Human Gene Ther. 10(2):3 1 1-8 (Jan 1999; appended 
as Exhibit G) showed a similar result using a different viral vector (replication-defective 
adenovirus vector), which reference tends to confirm the predictability of successful genetic 
transfer using systemically delivered recombinant viral vectors. Again, this reference 
demonstrated successful intrarterial delivery of viral vector to target cells (9L brain tumors) 
in immunocompetent Fischer (F344) rat hosts. 

Still another reference, Herrlinger et al. Gene Ther. 5(6):809-19 (1998; abstract 
appended as Exhibit H), also describes treatment of intracranial tumors in immunocompetent 
Fischer rats with the HSV-1 mutant hrR3 . Although this reference disclosed direct 
intratumoral injection of vector and not systemic delivery, the reference demonstrates that 
even preimmunization of the mammalian subject with HSV-1 fails to abolish gene transfer. 

By way of fiirther support of Applicants' assertion that immune clearance of vector 
does not prevent enablement of the claimed method, Applicants submit herewith as Exhibit I: 
Ikeda et aL, Nature Medicine 5(8):881-87 (August 1999), which confirms the predictability 
of vector delivery by routes other than in situ delivery. Ikeda et al, describes immune 
response against hrR3 HSV-1 mutant vector in immunocompetent Fischer rats. The rats 
formed neutralizing antibodies 4 days (Figure 1) after intraarterial injection of hrR3 vector, 
which response was partially abrogated by simultaneous treatment with the 
immunosuppressant cyclophosphamide. Consequently, Ikeda et ai stated that ''intraarterial 
administration should result in initial infection of some cells in the tumor, with initial 
generation of progeny viruses (12-18 hours) and subsequent rounds of infection (24-48 
hours)." (At page 881, col. 2, first full paragraph). Moreover, Ikeda etal. states that 
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"neutralizing antibody responses, detected at 4 days, are not likely to affect these early 
processes " Even a significant percentage of control rats that were not treated with 
immunosuppressant cyclophosphamide showed an increase in survival when injected with the 
hrR3 HSV-1 -derived vector, compared to mock vehicle control (e.g., Fig. 6b). 

In view of the above, Applicants' claimed method is fully enabled for systemic delivery 
routes as well as in situ delivery. Even if a strong immune response occurs in a mammalian 
host, a vector, in accordance with the claimed method, can predictably reach target cells 
before immune clearance (see, e.g., Exhibit I: Ikeda et al [1999]), and, regardless, the skilled 
artisan would know that the dose of vector can be manipulated to overcome an immune 
response (See, e.g., Rainov etal [1998]). 

Therefore, it is reasonably predictable, based on disclosures of Apphcant's 
specification and the general knowledge in the art that, in accordance with the claimed 
methods, the HSV-1 derived vector can be delivered by routes other than by direct 
intratumoral injection without immune clearance that totally prevents gene delivery to target 
cells. 

Applicant submits that while there may be room for improvements in therapeutic 
efficiency and while individual patient differences may resuh in variable responses as with any 
other therapy modality, gene therapy protocols and useful vectors (see, e.g., Verma et al, 
page 240, third column through page 242, first colunrn) are currently known for practicing 
gene therapy successfully and safely in at least a subset of patients, which is sufficient for 
patent purposes. The fact that some other patients may not respond well to a particular gene 
therapy protocol, does not make gene therapy a "highly unpredictable" art. Few, if any, 
therapy modalrties are 100% effective in all cases. 

In view of the above, Applicant respectfully requests that the rejection be withdrawn 
on this ground. 
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CONCLUSION 



In view of the above amendments and remarks, it is submitted that this application is 



now ready for allowance. If, in the opinion of the Examiner, a telephone conference would 
expedite the prosecution of the subject application, the Examiner is invited to call the 
undersigned attorney at (213) 896-6665. 



Sidley Austin Brown & Wood LLP 
555 West Fifth Street, Suite 4000 
Los Angeles, California 90013-1010 
Telephone: (213) 896-6665 
Facsimile: (213)896-6600 
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Gene therapy scores against cancer 



E 



SQUAMOUS CELL CASCiNOMA of the head 
and neck afnicts approximately 
500 000 patients per year. The first-line 
ireatment. chemotherapy, induces a re- 
sponse in only 30-40% of patients, and 
lumors frequently recur. Alternative 
cancer therapy approaches have been 
based on oncolytic viruses, which selec- 
\ lively attack tumor, but not normal, 
t cells One of these. ONYX-015.was ini- 
tially tested in a Phase I clinical trial in 
April 1996. In this issue. Khuri era/, re- 
port that ONYX-015. when combined 
with chemotherapy, promotes tumor 
regression in patients with recurrent 
squamous cell cancer of the head and 
neck'. 

ONYX-015 is a modified adenovirus - 
a DNA virus that takes over the cell's 
protein synthesis machinery, replicates, 
then lyses the host cell to release its 
progeny. In wild-type adenovirus, the 
early regulatory protein ElB-55kDa 
binds to and inactivates the host cell s 
n53 protein^ to, promote its own repli- 
cation. Without ElB-55kDa, adenovirus 
is incapable of replication^ However, 
researchers observed that an El B-55kDa 
mutant adenovirus. ONYX-015. could 
replicate in and lyse p53-negative, but 
not p53-positive. human tumor cells . 
As p53 is mutated in 45-70% of all cases 
of head and neck cancers. ONYX-015 
was developed as a tumor cell-specific 
therapeutic agent. 

Tumor-selective destruction has been 
observed in squamous cell carcinoma 
patients receiving ONYX-015; however, 
clinical benefit was observed m less 
than 15% of patients. Khuri er ai- stud- 
ied the effects of ONYX-015 in combi- 
nation with standard chemotherapy . 
30 patients with recurrent squamous 
cell cancer of the head and neck were 
evaluated for their response to a combi- 
nation of chemotherapy (cisplatin and 
S-nuorouracil) and ONYX-015. which 
was injected directly into tumors'. 

The combined therapy was well toler- 
ated and did not cause significant levels 
of toxicity. The treatment caused an ob- 
jective response (at least a 50% reduc- 
tion in tumor size) in 19 cases, with 8 
complete responses'. Tumors as large as 
10 cm in diameter regressed completely 
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and none of the tumors that demon- 
strated an objective response had pro- 
gressed after a mean follow-up of 5 
months. The authors concluded that 
the tumor response rate, complete re- 
sponse rate and time to tumor progres- 
sion rate after combined therapy were 
better than those observed after ther- 
apy with cisplatin and S-fiuorouracil 
alone. Furthermore, biopsy samples in- 
dicated that ONYX-015 replicates 
within tumor tissue but does not repli- 
cate in normal tissue. 

The concept of using a gene therapy 
vector that selectively replicates in and 
kills tumor cells has been around for a 
number of years, but the regulatory 
concern of putting a replicating vector 
in patients prevented acceptance of the 
idea until recently. Now. a number of 
approaches based on this concept are 
being investigated. ReplicaUng on- 
colytic viruses are advantageous be- 
cause they would theoretically be able 
to reach widespread metastases. 
Furthermore, vectors such as ONYX- 
015 could probably be made even more 
effective if they incorporated suicide 
genes like herpes simplex thymidine ki- 
nase and/or cytosine deaminase. 

The field of gene therapy has had a 
history of unexpected turns. ONYX-015 

is another. The first irony in the field 
was the use of 'gene therapy' (actually 
gene transfer), not for a genetic disease 
as everyone expected, but for marking 
tumor-infiltrating lymphocytes in pa- 
tients with malignant melanoma^ The 
first gene therapy clinical trial was for 
the genetic disease ADA deficiency in 
1990 (ref. 6), and by March 1995. there 
were 32 trials for genetic diseases, in- 
cluding 16 for cystic fibrosis and 16 for 
a range of other monogenic diseases. 
Although it seemed that cystic fibrosis 
would be the first gene therapy success, 
hemophilia was the first genetic disease 
for which encouraging clinical data 
were reported'. 

Of the 277 gene therapy clinical trials 
reported by the National Institutes of 
Health Recombinant DNA Advisory 
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Committee (NIH RAC) in May 1999^ 
70% were for treatment of cancer and 
only 5% were for treatment of cardio- 
vascular diseases. Therefore, it seemed j 
that cancer would be the first acquired ] 
disease that would be successfully | 
treated by gene therapy. However, re- | 
searchers soon after announced that di- 
rect injection of the vascular 
endothelial growth factor gene induced 
new blood vessel formation in cardio- 
vascular disease patients'. 

Cancer is sUll the disease most fre- 
quently targeted by gene therapy. 
According to the March 2000 NIH RAC 
database, of the 350 gene therapy clini- 
cal trials. 67% are for cancer. Of those. 
31% use in vitro immunotherapies. 32% 
use in vivo immunotherapies. 15% are 
based on pro-drug suicide therapies, 
and only 2% are using a 'vector-di- 
rected cell lysis' approach. U is there- 
fore ironic that the first anti-cancer 
clinical success has arisen from the last 
approach and that the vector does not 
even carry a therapeutic" gene. 

So with all its twists and turns, gene 
therapy seems to be turning the corner 
after a very bad year. Not only has the 
field been criticized for too much hype 
and too few successes, but in September 
1999 an 18-year old patient died as a 
direct result of a gene therapy interven- 
tion. But gene therapy has also 
achieved success in four early stage 
clinical trials - each one. surprisingly, 
using a different delivery system. We 
have witnessed the treatment of severe 
combined immunodeficiency with a 
retroviral vector", hemophilia with an 
adeno-associated viral vector', cardio- 
vascular disease with naked plasmid 
DNA' and cancer therapy using an on- 
colytic adenovirus'. Although the in- 
creased oversight and new monitoring 
requirements will improve future gene 
therapy trials, what the field really 
needs are successes in Phase 111 trials. 



1 Khufi. F.B. ef at. A controlled trial of intratumoral 
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Nature Med. 6. 879-885 (2000). 
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Human cytomegalovirus - no longer Just a DNA virus 

Human cytomegalovirus (HCMV) is classified as a DNA herpesvirus. A recent study showed that the HCMV virion contains 
not only ONA, tiut also four species of mRN A indicating that this virus is more complex than previously believed. 



HUMAN CYTOMEGALOVIRUS (HCMV) IS the 
largest of the known herpesviruses, 
with a genome of over 235 kb and 
more than 200 potential open reading 
frames'. It is a widespread opportunis- 
tic pathogen that causes no obvious 
clinical manifestation in healthy indi- 
viduals. On the other hand, it is a lead- 
ing cause of virus-associated birth 
defects, including mental retardation 
and deafness. It causes severe and fatal 
diseases in immune-compromised indi- 
viduals, such as organ transplant recip- 
ients and AIDS patients, and is also 
associated with atherosclerosis and 
coronary restenosis. 

When HCMV infects a cell, the viral 
capsid is transported to the nu- 
cleus, where the viral DNA is re- 
leased and transcribed by the 
host cell machinery (Fig. I), It 
was commonly believed that all 
the newly synthesized viral pro- 
teins were encoded by the viral 
DNA genome^. However, in a re- 
cent issue of Science, Bresnahan 
and Shenk demonstrated that in 
addition to viral DNA. HCMV 
virus particles also carry mRNAs 
into the host cell'. Using gene 
array technology, they identified 
four vitally encoded mRNAs that 
are present in highly purified 
HCMV virions. These mRNAs are 
delivered to the cell cytoplasm 
when the viral envelope fuses 
with the plasma membrane at the 
start of infection. The four 
mR.NAs remain in the cytoplasm, 
where they are translated into 
proteins in the absence of gene 
products encoded by viral DNA. 
One of the mRNAs. ULZl.S. en- 
codes a protein that contains a 
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leader sequence that localizes it to the 
Golgi network, but the function{s) of the 
. mRNAs or their products is unknown. 

HCMV genes are classified as immedi- 
ate early, early or late, depending on the 
timing and conditions of their expres- 
sion. Bresnahan and Shenk found that 
the virally encoded mRNAs are tran- 
scribed from one immediate early gene 
(UL 1 06- 109). two early genes (TRL/1RL2- 
5 and TRL/IRL7) and one late gene 
{UL21.5) (ref. 3). These mRNAs are tran- 
scribed from viral DNA and accumulate 





Fig. 1 HCMV lytic life cycle. J, Binding of HCMV glycoproteins 
gB and gH to cellular receptors activates cellular transcription 
factors, such as NF-icB and Spl . 2. The virus then enters the cell, 
releasing viral DNA. virion proteins and virion mRIMA transcripts 
into the cytoplasm, where virion mRNAs are translated. Viral 
DNA and certain virat proteins are transported to the nucleus. 3. 
In the nucleus, viral and cellular genes are expressed, vvith help 
from the attivated transcription factors, and viral DNA is repli- 
cated. 4. Viral DNA. viral and cellular proteins, and virion tran- 
scripts are packaged into the virion through an as yet 
undetermined mechanism. During egression of the virion from 
the cell, the virion envelope is construaed and an infectious viral 
particle is released. 



to highest levels at late times of infec- 
tion, when the virions are being assem- 
bled. The association of these HCMV 
mRNAs with virion is specific, as the 
four viral transcripts were the only ones 
found to couple with the virion. 

The overall structure of the HCMV 
viral particle is similar to that of other 
herpesviruses. The outermost layer is 
the lipid bilayer envelope that contains 
cellular and virally encoded glycopro- 
teins. At the core of the particle is the 
viral DNA that is surrounded by an 
icosahedral capsid. Between the capsid 
and the envelope is an amorphous layer 
referred to as the tegument. It is in this 
tegument region that the mRNAs de- 
scribed by Bresnahan and Shenk 
most likely reside^ 

The HCMV virion tegument also 
contains many proteins. These in- 
clude DNA polymerase, protein ki- 
nase* and a cellular topoisomerase 
II enzyme (required for viral DNA 
replication)*. An Fc receptor for 
human immunoglobulin G is lo- 
cated within the tegument, along 
with the serine/threonine protein 
phosphatase PPl and the host cell- 
derived phosphatase PP2A (ref. 6). 
The viral gene products UL82. 
UL69 and UL83 (refs. 7, 8) are also 
present in the tegument. These 
proteins are released into the cyto- 
plasm after viral infection and are 
required for viral replication and 
virus-induced pathogenesis. For 
example. DNA polymerase and 
topoisomerase II are believed to en- 
hance viral DNA replication. The 
UL82 gene product, pp7l (the HSV 
VP- 16 homologue), enhances ex- 
pression of the major immediate 
early promoter, whereas UL69 
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ABSTRACT 

We investigated whether directly injecting retroviral vectors into preimmune fetuses could result in the 
transfer and long-term expression of exogenous genes. Twenty-nine preimmune sheep fetuses were 
injected with helper-free retroviral vector preparations. Twenty-two fetuses survived to term, 4 of which 
were sacrificed at birth. Of the remaining 18 animals, 3 were controls and 15 had received vector 
preparations. Twelve of these 15 animals demonstrated transduction of hematopoietic cells when blood 
and marrow were analyzed by neo'^- specific PGR. Eight experimental sheep have been followed for 5 
years, during which time we have consistently observed proviral DNA and G418-resistant hematopoietic 
progenitors. The G418-resistant colonies were positive when analyzed by neo^- specific PCR. neo*^ gene 
expression was also demonstrated using several immunological and biochemical methods. The 
transduction of hematopoietic stem cells was confirmed when lambs transplanted with bone marrow from 
in wr^ra-transduced sheep exhibited neo'^ activity in marrow and blood. Vector distribution was 
widespread in primary animals without pathology. PCR analysis indicates that the germ line was not 
altered. These studies demonstrate that direct injection of an engineered retrovirus is a feasible means of 
safely delivering a foreign gene to a developing fetus and achieving long-term expression without 
modifying the germ line of the recipient. 

OVERVIEW SUMMARY 

Porada et aL describe a direct and relatively simple approach for in utero gene therapy by the 
demonstration of transfer and long-term expression of the neo'' gene in sheep after the direct 
intraperitoneal injection of the vector or producer cells into preimmune fetuses. The long-term expression 
of the exogenous gene without significant safety problems suggests that this procedure may represent a 
useful therapeutic approach for the early gene therapy of genetic diseases. 

INTRODUCTION 

Hematopoietic Stem Cell (HSC)-based gene therapy offers the promise of treating a wide array of genetic 
diseases including the hemoglobinopathies, storage diseases, and other metabolic disorders, and diseases of 
immune function such as adenosine deaminase (ADA) deficiency (Karlsson, 1991; Anderson, 1992; Miller, 
1992). Postnatal gene therapy studies performed in murine models have demonstrated that it is possible to 
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transfer therapeutic genes successfully with high efficiency into putative HSC populations and achieve high-level 
multilineage expression of the transgenes following transplantation of the gene-modified HSCs into lethally 
irradiated recipients (Eglitis et al, 1985; Correll et al, 1992; Ohashi et ai, 1992; Plavec et al, 1993; Schiffinann 
et ai, 1995). However, studies in larger animals and in clinical trials have shown that the efficiency of 
transduction of human/large-animals HSCs is considerably lower than that observed in the murine system 
(Ekhterae et ai, 1990; Bodine et ai, 1993; Van Beusechem et ai, 1993; Bienzle et ai, 1994; von Kalle et ai, 
1994; Ward et ai, 1994; Xu et ai, 1994). Despite this low transduction efficiency, promising results and clinical 
improvement have been observed (Bank, 1996; Kohn, 1997), With advancements in vector design and 
transduction methodology as well as in vitro HSC manipulation, it is likely that posmatal HSC gene therapy will 
prove to be a powerful and precise therapeutic modality for the treatment of numerous human genetic disorders. 

An alternative approach to existing gene therapy protocols would be to perform gene therapy before birth, in 
utero. Carrying out gene transfer early in gestation would enable the delivery of the therapeutic gene before the 
genetic deficit had significantly compromised the patient. In addition, several features of the developing fetus 
make it an ideal target for HSC-directed gene therapy. The high proliferative status of the fetus is one of these 
characteristics. Numerous studies have now provided evidence that a higher percentage of the HSC clones 
present within a fetus are actively cycling at any given point in time than would be in an adult counterpart (Clapp 
et ai, 199 1; Haneline et ai, 1996). For this reason, fetal HSCs should be more amenable to gene transfer with 
the existing generation of murine retroviral vectors, which require cell division for transduction to occur. In 
support of earlier sources of HSCs being well suited for retrovirus-based gene transfer are clinical studies 
performed by Kohn et ai (1995), m which neonates with ADA deficiency were transplanted with gene-modified 
autologous umbilical cord blood HSCs. These trials have thus far demonstrated gene transfer and expression in 
significantly higher percentages of circulating lymphocytes than in previous trials performed on older patients. 
Furthermore, experimental smdies have demonstrated that more efficient gene transfer with retroviral vectors can 
occur in populations of hematopoietic progenitors from fetal donors than when compared with cell populations 
taken from adult donors (Kantoff et ai, 1989; Ekhterae et ai, 1990). 

Another aspect of fetal development that suggests a potential benefit by performing HSC gene therapy in utero is 
the expansion of the hematopoietic system during gestation. Conceivably, if transduction of even small numbers 
of primitive HSCs could be accomplished eariy in gestation, expansion of transduced HSCs could lead to 
significant transgene activity. In this regard, we have previously reported the successful transfer and long-term 
expression of the bacterial neo^ gene in sheep following an in utero HSC transplantation/retroviral transduction 
protocol (Kantoff et ai, 1989; Ekhterae et ai, 1990). The procedure involved collecting peripheral blood from 
1 10-dayold fetal sheep (term, 145 days) by exchange transfusion with maternal blood, exposing the mononuclear 
cells to the N2 retroviral vector overnight, and then reinfusing these gene-engineered cells into the fetus. Af^er 
birth, the neo^ sequence was detected in marrow and blood of many of these animals by polymerase chain 
reaction (PCR), and many of the animals contained G418-resistant hematopoietic progenitors of etythroid 
(CFU-E, BFU-E), myeloid (CFU-GM), and mix (CFU-Mix) phenotype, suggesting that primitive HSCs may 
have been transduced. That HSCs were transduced was further substantiated by the continued presence of 
G418-resistant progenitors and PCR positivity in two animals that were observed for up to 43 and 59 months 
af^er birth (Kantoff ,e/ ai, 1989). These studies demonstrated than an in utero approach to gene therapy could 
result in the transfer and long-term expression of the vector-encoded genes with a significantly higher efficiency 
than had been reported with other large-animal models, and suggested that an in utero approach might be a more 
successful route toward achieving long-term correction of genetic disorders. 

Since the removal of fetal blood and multiple manipulations of the fetus precluded performing this type of 
procedure on very young fetuses, we wished to investigate whether a procedure that did not require blood 
removal from the fetus would allow the gene transfer to be performed at an eariier point in gestation. In the 



present studies, we evaluated whether the direct injection of vector into preimmune sheep fetuses was a safe 
method for achieving efficient transduction and long-term expression of the vector-encoded genes within the 
hematopoietic system of the treated sheep. In this regard, previous studies by Clapp et al. (I995a,b) 
demonstrated the efficacy of such an approach in rodents by the direct injection of the vector into fetal rat livers. 
To address whether directly injecting vector preparations into a large animal could result in efficient transduction 
of HSCs, we injected 57- to 67-day-old sheep fetuses intraperitoneally with retroviral vector preparations 
(supernatant, producer cells, or irradiated producer cells), waited until birth, and analyzed the sheep for the 
presence/expression of the neo' gene. In 12 of the 15 sheep that received vector and survived to term, the neo^ 
gene was detected by PCR within the first 6 months of life. Expression of the neo' gene was demonstrated by 
.G4l8-resistant hematopoietic colony growth. In eight of these sheep, which have now been followed for more 
than 5 years, we have consistently observed the presence/expression of the neo^ gene as assessed by PCR and 
G418 resistance assays. In addition, expression of the neo' gene was confirmed by (1) functional neomycin 
phosphotransferase (NPT) activity assay, (2) immunofluorescence, (3) enzyme-linked immunosorbent assay 
(ELISA), and (4) fluorescence-activated cell sorting (FACS) analysis. While the long-term presence/expression 
of the neo'' gene suggested the transduction of HSCs, this result was confirmed when lambs transplanted with 
HSCs from transduced sheep exhibited neot activity in bone marrow (BM) and peripheral blood (PB). PCR 
analysis of sacrificed primary animals revealed that the vector sequences were present in almost all tissues 
analyzed, including the reproductive organs. However, no pathology was noted in any of the organs. Fur- 
thermore, breeding experiments and PCR analysis of purified sperm cells from three rains indicate that the germ 
line was not altered. These smdies demonstrate that directly injecting an engineered retrovirus is a safe and 
efficient way to deliver a foreign gene to a developing fetus and achieving long-term expression in hematopoietic 
cells without appearing to place the ferns or its germ line at risk. 

MATERIALS AND METHODS 

Gene transfer protocol 

Three different retroviral vectors created with the Gl vector system were used in these studies: GlNaSvAd.24, 
GlBgSvNa.29, and GlTkSvNa.90 (Genetic Therapy, Gaithersburg, MD). All are Moloney murine leukemia 
virus (MoMuLV)-based and contain the tteo^ gene. The GINaSvAd.24 vector contains the neo' gene under the 
transcriptional control of the viral long terminal repeat (LTR), while in GlTkSvNa.90 and GlBgSvNa.29, the 
rieo^ gene is driven by an internal simian virus 40 (SV40) promoter. These vectors were packaged in PA317 or 
Pat2.4 packaging lines, respectively, according to established procedures (Cometta et ai, 1991). AH vectors 
were free of replication-competent helper virus as determined by an extended sarcoma'/leukemia- (SI/L-) assay 
(Cometta et ai, 1991). Supematants containing one of the retroviral vectors, or its corresponding producer cell 
line, were injected into fetal sheep in utero as follows: pregnant sheep (57-67 days gestation; term, 145 days) 
were prepared for surgery with an injection of ketamine, and their abdomens were shaved and washed. Sheep 
were then anesthetized with a regulated endotracheal tube connected to a halothane tank, a midline incision was 
made, and the uterine horns were exposed. The fetus was visualized within the intact amnion, using the 
microbubble technique (Zanjani et ai, 1992), and an intraperitoneal injection of either 1-2 ml of retroviral 
supernatant (titers: GINaSvAd.24, I X 104; GlBgSvNa.29, 1.5 X 106) or of the producer ceil lines (titers: 
PA317/GlNaSvAd, 2 X 105; Pat2.4/GlTkSvNa, 5 X 103) was given to each fetus, and the incisions were closed. 
The animals were allowed to come to term and deliver the lambs. After birth, peripheral blood and bone marrow 
were drawn at regular intervals for clonogenic assays and PCR analysis. During gestation, blood samples were 
drawn from the mothers and analyzed by PCR for the presence of the ne& sequence. These tests were faintly 
positive in two cases (data not shown), in agreement with studies in mice (Tsukamoto et ai, 1995) 
demonstrating that the placental barrier allows the passage of liposome-coated DNA from mother to fetus, and, 
presumably, vice versa. 



Detection of ned sequences in sheep tissue 

Three hundred nanograms of total genomic DNA was subjected to analysis by PCR as described (Saiki et al, 
1985), with the following changes to the reaction constituents: primers used were 0.5 p-M A (5' GGT GGA GAG 
GCT ATT CGG CTA TGA 3') and 0.5 pM B (5' ATC CTG ATC GAC AAG ACC GGC TTC 3'), which amplify 
a 440-base pair (bp) fragment of the bacterial ned gene. dATP, dCTP, and dGTP were used at 200 iiM. To 
eliminate product carryover, dUTP (300 ^iM) was substituted for dTTP, and reactions were treated with 
uracil-DNA-glycosylase (UNG) prior to amplification (Wang et al, 1992). MgC12 was used at 3.5 )iM, and I 
unit of Amplitaq DNA polymerase was added to each 50-Al reaction (all PCR reagents were purchased from 
Perkin-Elmer, Norwalk, CT). The samples were overlaid with mineral oil, and 40 cycles of PCR performed as 
follows: 95*'C for 1 min, 65°C for 1.5 min, and 72°C for 1.5 min. Fifteen microliters of each reaction was 
electrophoresed on a 2% agarose, Tris-borate-EDTA gel 

Southern blotting of PCR products 

Southern blotting was performed essentially as previously described (Sambrook et ai, 1989). Briefly, after 
electrophoresis, the gel was transferred under denaturing conditions to Gene Screen Plus (Du Pont, Boston, 
MA). After transfer, the DNA was cross-linked to the membrane by short-wave ultraviolet (UV) irradiation. The 
filter was prehybridized at 65*'C for 1 hr in 6 X SSC, 0.5% sodium dodecyl sulfate (SDS), and salmon sperm 
DNA (100 Ug/nil); 2 X 10^6 cpm of random prime-labeled ned probe was added per milliliter of 
prehybridization solution, and the filter was allowed to hybridize for 4-6 hr at 65°C. The filter was washed four 
times at 65°C under conditions of increasing stringency and autoradiographed for 1-12 hr (depending on the 
signal intensity) at -70°C with two intensifying screens (Cronex Lightning Plus; Du Pont). The positive DNA 
consisted of varying amounts of the plasmid pUClSNeo (Genetic Therapy) mbced with DNA from normal sheep 
peripheral blood to yield 300 ng of total DNA per PCR reaction. The other peripheral blood and bone marrow 
DNA samples were prepared using a standard sahing-out procedure. In short, 1 X 10^7 mononuclear cells were 
lysed in 0.5 M Tris {pH 9), 20 mM EDTA, 10 mA/ NaCl, 1% SDS, and proteinase K (600 ^tg/ml) and incubated 
overnight at 55°C. NaCI was then added to a final concentration of 1.5 Af, the solution mixed, and proteins 
pelleted by centrifiigation. DNA was then ethanol precipitated, collected by centrifugation, and resuspended in 
UV-irradiated, sterile H20. 

RT-PCR 

The expression of the ned gene was analyzed by reverse transcriptase (RT)-PCR, using RNA isolated from 
peripheral blood of the transduced sheep. Mononuclear cells were obtained by FicoU-Hypaque (Sigma 
Chemicals, St, Louis, MO) density centrifiigation, and total RNA was extracted using TRIzol reagent 
(GIBCO-BRL, Gaithersburg, MD). RNA was subjected to DNase (GIBCO-BRL) digestion to ensure the 
absence of any contaminating genomic DNA prior to reverse transcription. RNA was reverse transcribed using 
the Superscript preamplification system (GIBCO-BRL). One-tenth of the resultant cDNA was analyzed by ned 
-specific PCR and Southern blotting as described above. 

Hematopoietic progenitor assays 

The presence/activity of the ned gene in hematopoietic progenitors was assayed by testing hematopoietic cells 
for resistance to the neomycin-like antibiotic G418 (GIBCO-BRL). Bone marrow was obtained from sheep at 
regular intervals after birth, and mononuclear cells (2-5 X 10^5/ml) were cultured in plasma clot (CFU-E, 



BFU-E) or raethylcellulose (CFU-Mix, CFU-GM, BFU-E) as previously described (Roodman and Zanjani, 1979; 
Kantoff et ai, 1989). Bone marrow samples were aspirated into heparinized syringes from the posterior iliac 
crest of treated lambs and age-matched controls. Mononuclear cells were isolated by density giBdient 
centrifligation over Ficoll-Hypaque (Sigma Chemicals), washed twice, and resuspended in Iscove's modified 
Dulbecco's medium (IMDM), 10% fetal calf serum (FCS) at desired concentrations. The cells were cultured in 
the presence or absence of different concentrations of G418 (2-3 mg/ml), erythropoietin (0.4 lU/ml), and sheep 
leukocytederived phytohemagglutinin (PHA)-stimulaied leukocyte-conditioned medium (PHA-LCM) (5%, v/v). 
The plates were incubated at 37°C in a humidified atmosphere of 5% C02 in air for 4 days (CFU-E) or 9-12 days 
(CFU-GM and BFU-E). Hematopoietic colonies in plasma clot cultures were examined after transfer, fixing, and 
staining on glass slides (Roodman and Zanjani, 1979), while colonies in methylcellulose were enumerated in situ 
(Kantoff et ai, 1 989), and the percentage of G41 8-resistant colonies calculated. 

Gel-overlay assay for the expression of the neomycin phosphotransferase {neo^ gene 

The NPT gel-overlay assays were conducted as previously described (Reiss et ai, 1984). Bone marrow 
mononuclear cells (1 X 10^6) resuspended in 300 ^il of phosphate-buffered saline (PBS) were freeze-thawed five 
times, and cellular debris was pelleted. The resultant supernatant was transferred to a new tube containing 300 ^il 
of 2X sample buffer (0.2% SDS, 0.25 mAf Tris-HCI [pH 6.8], 10% 2-mercaptoethanol [2-ME], 10% glycerol, 
0.002% bromphenol blue). Thirty microliters of this sample was run on a nondenaturing 5% stacking/12% sepa- 
rating polyacrylamide gel in the Mini-Protean system (BioRad Laboratories, Hercules, CA). The gel was then 
processed as previously described to visualize NPT activity (Reiss et ai, 1984). 

Immunofluorescence detection of neomycin phosphotransferase in peripheral blood smears 

Immunofluorescence assays were performed according to standard procedures on peripheral blood smears of 
sheep. Smears of peripheral blood were prepared on glass slides and allowed to air dry overnight; they were then 
fixed in ice-cold methanol, washed with PBS, and blocked with bovine serum albumin (BSA) in PBS. Slides were 
washed twice with PBS, and incubated with a polyclonal antibody to NPT (5 Prime-3 Prime, Boulder, CO). 
After incubation, the slides were washed twice and the primary antibody detected with a fluorescein 
isothiocyanate (FITC)-labeled monoclonal antibody to rabbit IgG (Sigma Chemicals). The slides were then 
washed three times, and the nuclei counterstained with propidium iodide (Oncor, Gaithersburg, MD). The slides 
were viewed on a fluorescence microscope fitted with a dual fiher cube allowing the simultaneous visualization 
of propidium iodide and FITC (Olympus America, Melville, NY). One thousand cells were counted in each 
sample to determine the percentage of cells expressing NPT, Negative controls consisted of peripheral blood 
smears obtained from three different normal control sheep. No staining was seen in any of the control sheep. 

Transplantation of BMNCs obtained from transduced sheep to secondary fetal recipients 

Bone marrow was aspirated from sheep 167, 177, and 182 at 2.5 years posttransduction, and mononuclear cells 
(BMNCs) isolated using Ficoll-Hypaque (Sigma Chemicals) density gradient centriftigation. Preinumme fetal 
sheep recipients (58-62 days old) were transplanted as follows: 5 femses received 30 X 10* cells/fems from 
animal 167, 2 fetuses were given 30 X 10^ cells/fetus from animal 177, and 10 fetuses were transplanted with 20 
X 10* cells/fetus from animal 182. At birth, and at intervals thereafter, bone marrow and peripheral blood were 
drawn from these secondary recipients, and G418-resistance progenitor assays and neo'^ -specific PCR were 
performed to assess the presence and expression of the vector-encoded genes within cells of the various 
hematopoietic lineages in these recipients. 



Fluorescence in situ hybridization 



As a further means of evaluating tissue distribution of the provirus, animal 199 was sacrified at 20 months 
posttransduction and its organs collected. The organs were washed extensively with PBS, and were subsequently 
fixed for 48 hr in a 10% buffered formalin solution. The organs were then paraffin embedded, sectioned, and 
mounted on silanized glass slides. Fluorescence in situ hybridization (FISH) was performed using a commercially 
available kit according to manufacturer instructions (Oncor). The probe utilized consisted of the plasmid 
pUClSNeo (Genetic Therapy) random-prime labeled with digoxigenin-dUTP (Boehringer Mannheim, 
Indianapolis, IN). After hybridization, detection, and counterstaining, the slides were viewed on a fluorescence 
microscope fitted with a dual filter cube allowing the simultaneous visualization of propidium iodide and FITC 
(Olympus America). 

ELISA for neomycin phosphotransferase 

Mononuclear cells (10^) obtained by FicoU-Hypaque density gradient separation froin blood of primary 
transduced sheep at 50-52 months posttransduction were transferred to 1,5-ml microcentrifuge tubes, washed 
three times with 1 ml of PBS, resuspended in 1 ml of PBS containing 1 mM phenylmethylsulfonyl fluoride 
(PMSF), and lysed by repeated freeze (liquid N2)-thaw (37°C H20 bath) cycles. After the removal of cellular 
debris, 200 |il of each cell extract was analyzed by NPT ELISA, using a commercially available kit according to 
the manufacturer instructions (5 Prime-3 Prime). Negative controls consisted of mononuclear cells from three 
different normal control sheep. Purified NPT used to generate the standard curve was provided by the 
manufacturer. 

FACS analysis of peripheral blood to detect neomycin 
phosphotransferase expression 

Peripheral blood mononuclear cells (1 X 10* from each sheep) were transferred to separate tubes and pelleted at 
350 X g for 8 min. The pellets were resuspended in cold PBS, 0.1% sodium azide. Cells were fixed in 2% 
paraformaldehyde, and their membranes permeabilized with 0.05% Tween 20. The cells were blocked with 
normal goat serum, and stained with a commercially available polyclonal antibody to NPT (5 Prime-3 Prime). 
NPT was visualized with a FITC-labeled monoclonal antibody to rabbit IgG (Sigma Chemicals), and analyzed 
using a FACScan flow cytometer (Becton Dickinson Immuno-Systems, San Jose, CA). Negative controls 
consisted of peripheral blood cells from a normal control sheep stained by the same protocol as the experimental 
animals. 

RESULTS 

Experimental design 

The overall design and outcome of these studies are summarized in Table 1. A total of 29 preimmune fetal sheep 
was injected with either retroviral supernatant, producer cells, or empty packaging cells; 22 survived to term. 
Two of the seven recipients that died prior to birth (animals 184 and 185) did so as a result of the pregnant ewe 
being struck by the feed truck. 



Table 1, ExpERiME>rrAL StwMARYa 



Animal No. 

nr'tivitv 


Injected with: 


Outcome 


NeoR 


167 


1 ml Pat2.4/GlTkSvNa.90 cells 


Sac. at 3.5 years of age 


Positive 


168 


1 ml Pat2.4/GlTkSvNa.90 cells 


Sac. at birth 


nd 


178 


2 ml Pat2.4/GlTkSvNa.90 cells 


Sac. at I month of age 


nd 


179 


2 ml Pat2.4/GlTkSvNa.90 cells 


Alive 


Positive 


180 


1 ml Pa3 1 7/G 1 NaS vAd.24 cells 


Sac. at birthb 


nd 


181 


I ml Pa3I7/GlNaSvAd.24 cells 


Sac. at birthb 


nd 


183 


I ml Pa317/GlNaSvAd.24 cells 


Sac. at 4 months of age 


nd 


172 


2 ml irradiated Pat2.4/GlTkSvNa.90 cells 


Sac. at 7 months of age 


nd 


173 


2 ml irradiated rat2.4/GlTkSvNa.90 cells 


Alive 


positive 


174 


2 ml irradiated Pat2.4/GlTkSvNa.90 cells 


Absorbed 


nd 


175 


2 ml irradiated Pat2.4/GlTkSvNa.90 cells 


Sac. at 7 months of age 


Positive 


186 


1 ml irradiated Pa3 1 7/G 1 NaSvAd.24 cells 


Died at 3 months of agec 


Positive 


187 


1 mi irradiated Pa317/GlNaSvAd.24 cells 


Sac. at 10 months of age 


Positive 


188 


I ml irradiated Pa317/GlNaSvAd,24 cells 


Absorbed 


nd 


176 


2 ml GlNaSvAd.24 supernatant 


Alive 


Positive 


177 


2 ml GlNaSvAd.24 supernatant 


Alive 


Positive 


182 


2 ml GlNaSvAd.24 supernatant 


Alive 


Positive 


189 


2 ml GlNaSvAd.24 supernatant 


Sac. at 4.5 years of age 


Positive 


184 


2 ml GlBgSvNa.29 supernatant 


Died 2 months postinjectiond 


nd 


185 


2 ml GlBgSvNa.29 supernatant 


Died 2 months postinjectiond 


nd 


198 


2 ml GlBgSvNa.29 supernatant 


Alive 


Positive 


199 


2 ml GlBgSvNa.29 supernatant 


Sac. at 1.2 years of age 


Positive 


190 


2 ml Pat2.4 control cells 


Absorbed 


nd 


200 


2 nd Pat2.4 control cells 


Absorbed 


nd 


201 


2 ml Pat2.4 control cells 


Absorbed 


nd 


194 


1 ml Pa317 control cells 


Alive 


Negative 


195 


1 ml Pa3 17 control cells 


Died at 3 months of agec 


nd 


196 


1 ml Pa317 control cells 


Sac. at 7 months of age 


Negative 


197 


I ml Pa3 17 control cells 


Sac. at birth 


nd 



aSununarized here is the experimental design employed in these studies, the treatment given to each of the 
sheep, and the outcome of the manipulation, i.e., wfhether the animal survived to term. Most fetal loss occurred m 
the control group, with three of seven animals absorbing in utero, and one animal that died at 3 months of age 
with multiple abscesses in the lung and liver. Also presented here are the results of various tests to determine 
whether the animal contained and expressed the vector-encoded genes. If any of the methods employed in these 
studies detected the neo^ gene, then the sheep is marked as positive. 

bOifficult delivery; newborn sacrificed. 

cCaught in fence. 

dMother carrying twins was struck by feed truck. 
cDied with multiple abscesses in liver and lungs. 
Abbreviation: nd, Not determined; sac, sacrificed. 



so that only five animais died as a possible result of the experimental procedure. Three had received empty 
packaging cells alone (no vector present). Although the reasons for such a significant fetal loss in this group 
could not be determined, it is clear that these losses were not due to the vectors used for gene transfer. 

Of the 22 animals that survived to term, 2 (animals 180 and 181) were sacrified at birth owing to difficulty in 
delivery, and 2 others (animals 168 and 197) were sacrified at birth for tissue distribution analysis, leaving 18 
animals for studies of gene transfer efficiency; 3 of these (animals 194, 195, and 196) were controls that received 
empty packaging cells. Bone marrow and blood from all animals were analyzed for the presence of vector DNA 
by PGR using primers specific for the neo^ gene shortly after birth and at intervals thereafter. None of the three 
animals receiving packaging cells alone exhibited neo' activity at any time by PGR or G418resistance studies. 
Lamb 195 died at 3 months of age with multiple abscesses in the liver and lung, and lamb 196 was sacrified at 7 
months; animal 194 has been kept alive for observation. Of the remaining 15 lambs, 12 were found to be positive 
in both marrow and blood. Results from 1 1 of the lambs exhibiting neo^ activity, including 6 animals that were 
given supematant preparations, 2 animals that received producer cells, and 3 animals that were injected with 
irradiated producer cells, are shown in Fig. 1. Of these, five Iambs that received a supematant preparation 
(animals 176, 177, 182, 189, and 198), two lambs given producer cells (animals 179 and 167), and one lamb 
injected with irradiated producer cells (animal 173) were selected for long-term evaluation of both gene transfer 
efficiency and expression of the exogenous genes, while the remainder of the experimental animals were sacrified 
at various time points during the course of these studies to assess proviral tissue distribution. The eight sheep 
selected for long-term observations were evaluated for the presence/expression of neo' by a variety of techniques. 

G418 resistance studies 

The efficiency of gene transfer mto hematopoietic cells in all animals was determined by the ability of 
hematopoietic progenitors to form colonies in the presence of lethal concentrations of G418 in vitro. As we have 
reported (Kantoff et ai, 1989; Ekheterae et ai, 1990) and is also shown in Fig. 2, the formation of GFU-Mix-, 
CFU-GM-, and BFU-E/CFU-E-derived colonies by sheep bone marrow cells was inhibited by G418 in a 
dose-dependent fashion. These data were collected 16 months posttransfer. When compared with cells from un- 
treated animals, colony growth by bone marrow of animals receiving either supematant or producer cells was 
normal in number, morphology, and size in the absence of G418 selection. At 2 mg of G418 per milliliter, a small 
number of colonies was observed in the cultures from untreated sheep and from the sheep receiving only the 
packaging cell lines, but none were seen at concentrations >2 mg/ml. In contrast, significant numbers of colonies 
were detected in the presence of >2 mg of G418 per milliliter in cultures derived from bone marrow of sheep 
receiving either supematant or producer cells (Fig. 2A). When compared as a group, animals receiving producer 
cells exhibited a higher level of G418 resistance in their marrow progenitors (Fig. 2B). 

To ensure that colonies growing in G418 were doing so because they had been transduced, resistant colonies 
were removed from the methylcellulose plate and subjected to ned "specific PGR analysis. As can be seen in Fig. 
3, the picked G4I8-resistant colonies contained the neo' gene, indicating that the retroviral vector had indeed 
integrated into their genomes, and was responsible for their ability to grow in G418. 

To determine fiirther whether G418 resistance of progenitors was an accurate indication of expression of the 
transgene, bone marrow was drawn from animal 167 at 18 months posttransduction, and clonogenic assays were 
conducted in the presence/absence of G418 (3 mg/ml) and/or 6 \iM ganciclovir. Animal 167 had received the 
G 1 TkSvNa producer cell line, which produces vector encoding the herpes simplex thymidine kinase gene in 
addition to the neo' gene. Cells expressing the genes carried within this vector should express thymidine kinase 
and be sensitive to ganciclovir, while untransduced cells should not. Results presented in Fig. 4 demonstrate that 
essentially all of the colonies from animal 167 that were resistant to G418 were also sensitive to 6 \iM 



ganciclovir, demonstrating that the growth of these colonies in G418 was likely due to the expression of the 
vector-encoded genes, and that both vector-encoded gene products were being expressed in the same colonies. 

Neomycin phosphotransferase studies 

Expression of the ned transgene in hematopoietic cells in vivo was evaluated by the presence of NPT activity in 
bone marrow and peripheral blood mononuclear cells. Since the neo^ gene product possesses the ability to 
transfer a terminal phosphate group from a donor molecule to kanamycin, we assayed proteins extracted from 
marrow mononuclear cells for their ability to transfer a radiolabeled phosphate from [Y-32PI ATP to kanamycin, 
using an established gel overlay assay. We were able to detect phosphotransferase activity at 20 months post 
transduction in four of the six transduced sheep that were tested by this relatively insensitive assay (Fig. 5), which 
was unable to detect NPT activity in animals 167 and 179, both of which exhibited neo' activity on several 
occasions using other methods. 

Results presented in Fig, 6 demonstrate NPT activity in peripheral blood of treated animals at 3 years 
posttransduction as determined by immunofluorescence using a commercially available antibody to NPT, Shown 
in Fig. 6 are the levels ofexpression within six animals, expressed as the percentage of total numbers of white 
blood cells that stained positive. As can be seen, detectable levels of NPT expression were observed in the 
peripheral blood of all six sheep at 3 years posttransduction. In some animals, the level of circulating white cells 
that expressed the gene was as high as 2.8%. The only cells that were counted positive were those that presented 
an intense cytoplasmic staining. Little or no staining was seen in any of three normal sheep and animal 194. 
Shown in Color Plate 1 are photographs of a representative blood smear from a control animal (Color Plate lA) 
and from animal 182 (Color Plate IB). As can be seen, there are a considerable number of positive cells (stained 
green) within the smear of animal 182, while there is no significant staining within the control cells (red stain is 
propidium iodide counterstain, which binds to all DNA). The intensity of the fluorescence also suggests that the 
level of expression within the cells from animal 182 may be significant. 

The expression of the neo^ transgene was also measured by ELISA and flow cytometry. The ELISA was 
performed on peripheral blood mononuclear cells from seven sheep at 50-52 months posttransduction, using a 
commercially available ELISA kit specific for NPT. Shown in Fig. 7 are the highest values that were obtained 
from these animals during four different samplings over a 2-month period. As can be seen, six of the seven sheep 
analyzed at this time point contained a significant level of NPT, with animals 177 and 182 exhibiting the highest 
levels among the group. This variability in expression cannot be attributed to a difference in the vector 
preparation received, since four of the seven animals tested received GlNaSvAd supernatant. Of note, however, 
is sheep. 198 (which received GlBgSvNa.29 supernatant), because this animal was the only one tested that 
exhibited no expression at all, suggesting that this vector may not yield as high a level of transduction and/or 
expression as the GlNaSvAd vector. 

Results presented in Table 2 and Fig. 8 demonstrate that the vector-encoded neo^ gene is being expressed within 
a significant percentage of the hematopoietic cells in the circulation. Flow cytometric analysis of 
Ficoll-Hypaque-separated blood mononuclear cells obtained 55 months posttransfer using an NPT-specific 
antibody revealed the presence of NPT-positive cells within the ungated (0-4.85%), the lymphocytic (0-1.59%), 
and the granulocytic/monocytic (0-13.1%) populations. 

Assessment ofproviral integration by FCR 

The animals were also monitored at intervals after birth for the presence of proviral DNA by using PCR with neo' 
primers. Overall, during the course of these studies, bone marrow from many of the sheep that received vector 



was positive at the majority of sampling points, while the ned signal was seen only intermittently in the 
peripheral blood of these animals. This consistent posiiivity in marrow is demonstrated in Fig. 9, which shows the 
results of a PCR performed on bone marrow samples obtained from animal 182 at various time points post- 
transduction. As can be seen, at the majority of sampling times, we were able to detect the ned gene, 
demonstrating the longterm persistence of transduced cells within the hematopoietic compartment of this animal. 
The long-term persistence of r;eo'-positive cells within marrow and their expression within peripheral blood cells 
suggest that successful transduction of the primitive hematopoietic stem cells (HSCs) may have occurred in these 
animals. 

Transplantation ofBMNCs from in uttro-transduced animals to assess transduction of HSCs 

We used the competitive engrafting in utero HSC transplantation approach (Zanjani et ai, 1992) to assess the 
presence of transduced long-term engrafting HSCs in bone marrow of treated sheep. In this model of competitive 
HSC engraftment, engrafted donor HSCs persist for long periods- (>7 years) and undergo multilineage 
differentiation. Bone marrow mononuclear cells were obtained from sheep 167, 177, and 182 at 2.5 years 
posttransduction and transplanted into 17 preimmune secondary fetal sheep recipients as detailed in Materials and 
Methods. At intervals after birth, peripheral blood and bone marrow fi-om the sheep were analyzed by ned 
-specific PCR. Figure 10 shows a representative PCR from these animals, in which 9 of the 12 secondary 
recipients analyzed contained the proviral DNA within their bone marrow, strongly supponing the transduction 
of primitive HSCs in the donor sheep. To evaluate the expression of the ned gene, methylcellulose and plasma 
clot cultures were performed on BMNCs from these secondary recipients at 15 months posttransplant, and, as 
can be seen in Table 3, five of the animals contained G418-resistant progenitors of erythroid and myeloid origin, 
further supporting that transduction of primitive HSCs capable of engraftment and multilineage expression had 
occurred as a result of the direct in utero injection of retroviral vectors. 

Analysis of tissue distribution of vector 

To determine whether retroviral transduction in vivo was limited to cells of hematopoietic origin, or whether 
other tissues of the fetus had also been transduced, DNA was extracted from different tissues of two sheep that 
were sacrificed at birth, neo'-specific PCR was performed, followed by Southern blotting to confirm the identity 
of the products. As can be seen in Fig. 1 1, all of the tissues from this representative animal (168) contained the 
ned sequence, indicating that transduction may not have been limited to cells of hematopoietic origin. 
Unfortunately, bone marrow and peripheral blood were unavailable for analysis, and are therefore not shown. To 
determine whether proviral DNA persisted in cells of nonhematopoietic organs, animal 187 was sacrificed 14 
months after gene transfer. DNA was extracted from lung, liver, kidney, and testes of this animal and analyzed by 
ned PCR. The results of this analysis are presented in Fig. 12. Provirus was detected in the bone marrow, 
kidney, and testes of sheep 187. The persistence of proviral DNA in brain tissue of animal 199 at 1.2 years 
posttransduction was demonstrated by PCR (Color Plate 2A) and fluorescence in situ hybridization (Color Plate 
2B). In all cases pathologic examination revealed no abnormalities in any organs examined Although these 
findings strongly suggest proviral integration into genomes of nonhematopoietic cells of these animals, we have 
not yet performed immunohistochemistry on these tissues to determine which cell types within the organs 
contain/express the vector-encoded ned gene. It is also important to note that the tissues were not exhaustively 
perfused to rid the tissue of contaminating blood cells and macrophages. In this regard, the following results 
suggest that the positive PCR signal in the testes did not signify the transduction of the germ cells. 



Heritability of the vector-encoded genes 



The fact that the provirus was detected within the testes of animal 187 suggested that the germ cells may have 
been transduced in vivo, potentially enabling the vector-encoded genes to be passed on to subsequent offspring. 
We bred sheep 182 (a ram) with four normal control ewes, and allowed one of the ewes to lamb normally, while 
the other fetuses were sacrificed in utero and their tissues collected. There- were five resultant offspring (the 
normal binh is twins). We sacrificed four of the animals to examine the DNA from all of the tissues, since the 
provirus should be present within all the tissues of the body if the father's germ cells were indeed transduced. 
DNA was extracted from the brain, kidney, liver, lung, spleen, pancreas, thymus, and reproductive organs, and 
«eo''-specific PCR was performed. The results shown in Fig. 13 (a representative PCR from one of the offspring) 
demonstrate that the provirus was absent in all of the organs tested fi-om all four of the sacrificed animals, 
suggesting that high-efficiency transduction of the germ cells of animal 182 had not occurred. 

Absence ofnto^ in sperm cells 

To test more directly whether the germ line had been transduced in these animals, ejaculates were collected from 
animal 182 and analyzed by PCR. As can be seen in Fig. 14a, the ejaculate (semen) from this animal was 
occasionally positive when analyzed by neo'^-specific PCR. To rule out the possibility that this positivity was due 
to contamination of the ejaculate with cells other than sperm cells, i.e., white blood cells, an ejaculate from this 
same ram was divided into two populations, one consisting of the total ejaculate, and, from the other half of the 
ejaculate, a pure population of sperm cells was isolated using a Percoll density gradient centrifugation method. 
Isolated sperm cells were then subjected to neo^-specific PCR, as was the total ejaculate. As is also shown in Fig. 
14a, these pure populations of sperm cells were consistently negative for the neo'^ sequence, suggesting that the 
presence of the proviral DNA within the complete ejaculate from animal 182 was likely due to contamination of 
the ejaculate with cells of nonsperm origin. Further proof for this lack of transduction of true sperm cells came 
from a «ec»''-specific PCR performed on purified sperm cells from the remaining rams in this study. As can be 
seen in Fig. 14b, purified sperm cells from rams 167, 176, and 182 were consistently negative for the neo^ gene. 

DISCUSSION 

The results of the studies presented here demonstrate that the direct intraperitoneal injection of retroviral 
vectors or producer cells into preimmune sheep fetuses results in the transfer and long-temi expression of the 
vector-encoded genes within the hematopoietic cells of these animals, as evidenced by the presence of 
G418-resistant hematopoietic: progenitors in the bone marrow of these animals for several months after birth, the 
presence of proviral DNA in marrow and blood, and the presence of NPT activity in peripheral blood and 
marrow. This expression has been long term, persisting throughout the 5-year course of these studies. The 
long-term presence/expression of the vector-encoded genes in the peripheral blood and marrow of these animals 
suggests that transduction of primitive, repopulating HSCs had occurred following the direct intraperitoneal 
vector injection. This conclusion was confirmed by competitive secondary transplantation, in which bone marrow 
mononuclear cells taken from the primary animals were transplanted into secondary preimmune fetal sheep 
recipients and proviral DNA and NPT activity were detected in peripheral blood and marrow of the secondary 
recipients at 6 months posttransplant. 

These results also demonstrate that the transfer of the exogenous genes was not limited to the hematopoietic 
cells, but occurred in other tissues as well, including the reproductive organs (testes). Importantly, the presence 
of these genes in other tissues produced no detectable pathology, and we did not observe any toxicity or 
problems associated with this procedure. Although we did experience some early losses of animals, most 
occurred in the control group, implying that the vector preparations were not the causative agent. Furthermore, 
the presence of provirus within the reproductive organs was not the resuh of transduction of the germ line, since 
the exogenous genes were not transferred to offspring in the breeding experiments performed, and purified sperm 
cells were devoid of proviral DNA when analyzed by PCR. 



Also of note is the transfer of exogenous genetic material into the material circulation following intraperitoneal 
injection of the fetus. Interestingly, three ewes were found to contain, transiently, trace quantities of vector 
sequences in their peripheral blood (data not shown), and these ewes were canying fetuses that were injected 
with producer cell lines. None of the ewes whose fetuses received vector-containing supernatant were found to 
be positive for vector sequences in their circulation, raising the possibility that the faint signals obtained in the 
three positive ewes was somehow due to the injection of retroviral vector producer cells into the fetuses, with 
subsequent passage of trace amounts of vector or cells through the placenta. This conclusion would be in 
agreement with other studies demonstrating that placental tissue is readily infected with a variety of retroviruses 
(Ueno et al, 1983; McGann et al., 1994; Bui et al, 1995), and that the placenta allows the transfer of 
retroviral-iike particles from mother to fetus during pregnancy (Tsukamoto et al., 1995). However, in our 
present studies, the transfer of genetic material that occurred was not long lasting, since ii was detected only at 
one time point in each ewe, with all subsequent samplings being devoid of vector sequences. On the basis of the 
transient nature of the transfer, it is perhaps More likely that the appearance of vector sequences within the 
circulation of the mother was simply a result of fetal microhemorrhaging, which can occur during gestation and 
enables fetal blood cells to invade, transiently, the material circulation. In any case, the procedure employed in 
these studies does not seem to place the mother at any risk of permanent genetic alteration. 

It is also interesting to note that the exogenous genes were detected in the brain of several animals that were 
sacrificed at various time points throughout these studies. It is not known whether the presence of proviral DNA 
in the brain is a result of the entry of the vector into the central nervous system, with subsequent transduction of 
nervous tissue, since it is also possible that the presence of vector sequences within the brain may reflect the 
migration of transduced hematopoietic microglial precursors into the brain during development. Regardless of 
the mechanism, however, the ability to delivery exogenous genes to the brain in utero offers the possibility of 
treating a number of patients with storage diseases that affect the central nervous system. 

Observations in primary and secondary sheep recipients strongly suggest that transduction of long-term 
engrafting HSCs had occurred. This conclusion was demonstrated by the persistence of transduced 
hematopoietic cells and progenitors in primary recipients for several years, and by the long-term presence in 
secondary hosts following in utero transplantation of BMNCs from the in utero-transduced animals. A number of 
attempts have been made to carry out in utero gene transfer in large-animal models, including sheep, using 
adenoviral (Simon et al., 1993; Zabner et al., 1994; McCray et al, 1995; Vincent et al., 1995) or retroviral (Pitt 
et al, 1995) vectors. While successful gene transfer was achieved, the investigators reported the development of 
potent cellular-mediated immune responses that eliminated both the vector and the vector-containing cells, 
resulting in only transient transgene expression. However, in all cases, the treatments were initiated late in 
gestation at a time when the fetuses were capable of mounting an immune response. The successful long-term 
gene transfer and expression reported here are likely the result of the preimmune status of the early gestational 
fetuses employed in these studies. There is a period in eariy immunologic development, prior to thymic 
processing of mature lymphocytes, during which the fetus is tolerant of foreign antigens. Exposure to antigen 
during this period results in sustained tolerance that can be permanent if the presence of the antigen is maintained 
(Billingham et al, 1956; Binns, 1967). Cellular tolerance appears to be secondary to clonal deletion of reactive 
lymphocytes in the thymus, whereas the mechanism of B lymphocyte tolerance (peripheral tolerance) appears to 
involve both clonal deletion and clonal suppression (Marrack et al, 1988; Schwartz, 1989; Adams, 1990). The 
end result is an immune system that is specifically tolerant of foreign antigenic sources. The use of preinunune 
fetuses and an intraperitoneal route of administration may have also circumvented the rapid inactivation of 
murine retroviral vectors that has been reported to occur in vivo (Takeuchi et al, 1994; Rother et al, 1995; 
Shimizuef a/.. 1995). 



While analyzing the animals in these studies, we observed that animals mjected in utero with producer cells 
exhibited a higher level of transduction and G418 resistance than supernatant-treated animals. The possibility 
exhists that transduction is more efficient following release of vector particles in situ near their target cells, and 
that the slow continuous release of vector particles exposes the target cells to the vector over the course of days 
for a more efficient transduction. On the basis of the kinetics of HSC cycling, the availability of vector over long 
periods should ensure that larger numbers of HSC clones undergo cell cycle in the presence of vector, and are 
thus amenable to retroviral transduction. Another possibility that is currently under investigation in our 
laboratory is that the injected producer cells persist and proliferate in these animals, potentially producing vector 
particles for extended periods of time in vivo. 

In theory, one advantage to performing gene therapy in a fetal setting is that, because of the naturally occurring 
expansion of the fetal hematopoietic system, transduction of relatively few HSCs could lead to a significant level 
of transgene activity. However, in the best of our animals, we detected only about 5% transduced cells in 
peripheral blood, which does not suggest that a large degree of expansion occurred. In the marrow, however, we 
detected much higher levels of transduction, as assessed by G418 resistance progenitor assays. It is difficult to 
reconcile this difference between marrow and blood, but it is interesting to note that others have observed a 
similar pattern of a high percentage of transgene-expressing cells in marrow and relatively low activity in 
peripheral blood (Kohn et al, 1995). In our studies, it could be argued that this discrepancy was perhaps due to 
the fact that in this system, the transduced cells have no selective advantage. However, previous studies in human 
ADA-deficient patients have obtained similar results (Kohn et ai, 1995), suggesting that this dichotomy may 
persist even when the transduced cells would be predicted to have a selective advantage over the host's own 
deficient cells. It is possible that this discrepancy is a reflection of the process of clonal succession that has 
previously been described in mice containing retrovirally marked stem cell populations (Lemischka et al. 1986), 
such that only a small percentage of the transduced HSC clones is giving rise to mature hematopoietic cells at 
any given time in vivo. Since methylcellulose culuire requires the presence of growth factors in order to achieve 
colony formation, perhaps this culture system does not accurately represent the number of transduced mature 
cells being generated in vivo. Clarification of the physiologic mechanisms responsible for this phenomenon will 
require a more thorough understandmg of the hematopoietic process. Nevertheless, it is important to note that in 
such a large animal, the presence of 5%-transduced cells reflects an enormous number of cells. 

In conclusion, the direct intraperitoneal injection of retroviral vectors or producer cell lines into 
early-gestational sheep fetuses results in transduction of HSCs and their progeny, and expression of the 
transgenes is long term, persisting for more than 5 years posttransfer. These studies also demonstrate that the 
transferred genes appear to enter both hematopoietic and nonhematopoietic tissues, suggesting that this approach 
to gene therapy may prove useful in diseases that are unrelated to hematopoiesis. While levels of transduction 
into hematopoietic cells may be below those required to provide therapeutic benefit, preliminary studies currently 
underway in our laboratory suggest that levels of transduction can be greatly improved if higher titer vectors are 
employed. We are also evaluating whether providing muhiple injections of vector preparation to the fetus may 
further enhance the levels of transduction. With the development of envelope recombinant vectors that enable 
tissue-specific transduction, this technique should enable the safe delivery of therapeutic genes to a variety of 
tissues early in gestation, perhaps preventing the extensive damage that takes place during development of 
fetuses with certain genetic diseases. 

ACKNOWLEDGMENTS 

This work was supported by National Institutes of Health Grants HL46556, HL49042, HL52955, and 
DK-5 1427, by the Departments of Veterans Affairs, and by the G. Harold and Leila Y. Mathers Charitable 
Foundation. 



REFERENCES 



1. ADAMS, T.E. (1990). Tolerance of self-antigens in transgenic mice. Mol. Biol. Med. 7, 341-357. 

2. ANDERSON, W.F. (1992). Human gene therapy. Science 256, 808813. 

3. BANK, A, (1996). Human somatic cell gene therapy. Bioessays 18, 999-1007. 

4. BIENZLE, D., ABRAMS-OGG, A.C.G, KRUTH, S.A., ACKIANDSNOW, J., CARTER, R.F., DICK, 
J.E., JACOBS, R.M., KAMELREID, S., and DUBE, LD. (1994). Gene transfer into hematopoietic stem 
cells: Long-term maintenance of in vitro activated progenitors without marrow ablation. Proc. Natl. Acad. 
Sci. U.S.A. 91, 350-354. 

5. BILLINGHAM, R., BRENT, L., and MEDAWAR, P.B. (1956). Quantitative studies on tissue 
transplantation immunity. III. Actively acquired tolerance. Phil. Trans. R. Soc, (London) B239, 357-369. 

6. BINNS, R. (1967). Bone marrow and lymphoid cell injection of the pig fetus resulting in transplantation 
tolerance or immunity, and immunoglobulin production. Nature (London) 214, 179-180. 

7. BODINE, D.M., MORJTZ, T., DONAHUE, R.E., LUSKEY, B.D., KESSLER, S.W., MARTIN, D.I.K., 
ORKJN, S.H., NIENHUIS, AW., and WILLIAMS, D.A. (1993). Long-tenn in vivo expression of a murine 
adenosine deaminase gene in rhesus monkey hematopoietic cells of multiple lineages after retroviral mediated 
transfer into CD34' bone marrow cells. Blood 82, 1975-1980. 

8. BUI, T., WATANABE, R., KENNEDY. B., UNADKAT, J.D., MORTON, W.R., and HO, R.J. (1995). 
Simian immunodeficiency virus mfection of macaque primary placental cells. AIDS Res. Hum. Retroviruses 
11,955-961. 

9. CLAPP, D.W., DUMENCO, L.L., HATZOGLOU, M., and GERSON, S.L. (1991). Fetal liver 
hematopoietic stem cells as a target for in utero retroviral gene transfer. Blood 78, 1 132-1 139. 

10. CLAPP, D.W., FREIE, B., LEE, W.H., and ZHANG, Y.Y. (1995a). Molecular evidence that in 
situ-transduced fetal liver hematopoietic stem/progenitor cells give rise to medullary hematopoiesis in adult 
rats. Blood 86,2113-2122. 

11. CLAPP, D.W., FREIE, B., SROUR, E., YODER, M.C., FORTNEY, K., and GERSON, S.L. (1995b). 
Myeoloproliferative sarcoma virus directed expression of /3-galactosidase following retroviral transduction of 
murine hematopoietic cells. Exp. Hematol. 23, 630-638. 

12. C0RNETTA, K, MORGAN, R.A., and ANDERSON, W.F. (1991). Safety issues related to 
retroviral-mediated gene transfer in humans. Hum. Gene Ther. 2, 5-14. 

13. CORRELL, P.H., CALILLA, S., DAVE, H.P.G., and KARLSSON, S. (1992). High levels of human 
glucocerebrosidase activity in macrophages of long-term reconstituted mice after retroviral infection of 
hematopoietic stem cells. Blood 80, 331-336. 

14. EGLiTIS, M.A., KANTOFF, P., GILBOA, E., and ANDERSON, W.F. (1985). Gene expression in mice 
after high efficiency retroviral-mediated gene transfer. Science 230, 1395-1398. 

15. EKHTERAE, D., CRUMBLEHOLME, T., KARSON, E., HARRISON, M.R., ANDERSON, W.F., and 
ZANJANI, E.D, (1990). Retroviral vector-mediated transfer of the bacterial neomycin resistance gene into 
fetal and aduh sheep and human hematopoietic progenitors in vitro. Blood 75, 365-369. 

16. HANELINE, L.S., MARSHALL, K.P., and CLAPP, D.W. (1996). The highest concentration of primitive 
hematopoietic progenitor cells in cord blood is found in extremely premature infants. Pediatr. Res. 39, 
820-825. 

17. KANTOFF, P.W., FLAKE, AW., EGLITIS, M.A„ SCHARF, S., BOND, S., GILBOA, E., ERLICH, H., 
HARRISON, MR., ZANJANI, E.D., and ANDERSON, W.F. (1989). In utero gene transfer and expression: 
A sheep transplantation model. Blood 73, 10661073. 

18. KARLSSON, S. (1991). Treatment of genetic defects in hematopoietic cell function by gene transfer. Blood 
78,2481-2492. 

19. KOHN, D.B, (1997). Gene therapy for haemotopoietic and lymphoid disorders. Clin. Exp. Immunol. 107, 
54-57. 



20. KOHN, D.B., WErNBERG, K.I., NOLTA, J.A., HEISS, L.N., LENARSKY, C, CROOKS, G.M., 
HANLEY, M.E., ANNETT, G., BROOKS, J.S., EL-KHOUREIY, A„ LAWRENCE, K., WELLS, S., 
MOEN, R.C., BASTIAN, J., WILLL^MS-HERMAN, D.E., ELDER, M., WARA, D., BOWEN, T., 
HERSHFIELD, M.S., MULLEN, C.A., BLAESE, R.M., and PARKMAN, R. (1995). Engraftment of 
gene-modified cells from umbilical cord blood in neonates with adenosine deaminase deficiency. Nature Med. 
i, 1017-1023. 

21. LEMISCHKA, LR., RAULET, D.H., and MULLIGAN, R.C. (1986). Developmental potential and dynamic 
behavior of hematopoietic stem cells. Cell 45, 917-927. 

22. MARRACK, P., LO, D., BRINSTER, R., PALMITER, R., BURKLY, L., FLAVELL, R.H., and 
KAPPLER, J. (1988). The effect of the thymic microenvironment on T-cell development and tolerance. Cell 
53,627-634. 

23: McCRAY, P.B., ARMSTRONG, K., ZABNER, J., MILLER, D.W., KORETZKY, G.A., COUTURE, L., 
ROBILLARD, J.E., SMITH, A.E., and WELSH, M,J. (1995). Adenoviral-mediated gene transfer to fetal 
pulmonary epithelia in vitro and in vivo. J. Clin. Invest. 95, 2620-2632. 

24. McGANN, K.A., COLLMAN, R., KOLSON, D.L., GONZALEZSCARANO, F., COUKOS, G., 
COUTIFARIS, C, STRAUSS, JR., and NATHANSON, N. (1994). Human immunodeficiency virus type I 
causes productive infection of macrophages in primary placental cell cultures. J. Infect. Dis, 169, 746-753. 

25. MILLER, A.D. (1992), Human gene therapy comes of age. Nature (London) 357, 455-460. 

26. OHASFIL T., BOGGS, S.. ROBBINS, P., BAHNSON, A., PATRENE, K., WEI, F.S., WEI, J.F., LI, J„ 
LUCHT, L., FEI, Y., CLARK, S., KIMAK, M., HE, H., MOWERY-RUSHTON, P., and BARRANGER, 
J. A. (1992), Efficient transfer and sustained high expression of the human glucocerebrosidase gene in mice 
and their functional macrophages following transplantation of bone marrow transduced by a retroviral vector. 
Proc. Natl. Acad. Sci. U,S,A, 89, 1 1332-1 1336. 

27. PITT, B.R., SCHWARZ, M.A., PILEWSKI, J.M., NAKAYAMA, D., MUELLER, G.M., ROBBINS, P.D., 
WATKINS, S.A., ALBERTINE, K.H., and BLAND, R,D. (1995). Retrovirus-mediated gene transfer in 
lungs of living fetal sheep. Gene Ther. 2, 344-350. 

28. PLAVEC, L, PAPAYANNOPOULOU, T., MAURY, C, and MEYER, F. (1993). A human 0-globin gene 
fused to the human 6-globin locus control region is expressed at high levels in eiythroid cells of mice 
engrafted with retrovirus-transduced hematopoietic stem cells. Blood 81, 1384-1392. 

29. REISS, B., SPRENGEL, R., WILL, H., and SCHALLER, H. (1984). A new sensitive method for qualitative 
and quantitative assay of neomycin phosphotransferase in crude cell extracts. Gene 30, 211-217. 

30. ROODMAN, G.D., and ZANJANL E.D. (1979) Endogenous erythroid colony forming cells in the fetal and 
newborn sheep. J. Lab. Clin. Med. 94, 699-707. 

31. R0THER, R.P., SQUINTO, S.P., MASON. J.M., and ROLLINS, S.A. (1995). Protection of retroviral 
particles in human blood through complement inhibition. Hum. Gene Ther. 6, 429-435. 

32. SAIKI, R.K., SCHARF, S., FALOONA, F., MULLIS, K.B., HORN, G.T., ERLICH, H.A., and ARNHEIM, 
N. (1985). Enzymatic amplification of,6-globin genomic sequences and restriction site analysis for diagnosis 
of sickle cell anemia. Science 230, 1350-1354. 

33. SAMBROOK, J., FRITSCH, E.F., and MANIATIS, T. (1989). Molecular Cloning: A Laboratory Manual 
2nd Ed. (Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY). 

34. SCHIFFMANN, R„ MEDIN, J,A., WARD, J.M., STAHL, S., COTTLER-FOX, M., and KARLSSON, S. 
(1995). Transfer of the human glucocerebrosidase gene into hematopoietic stem cells of nonablated 
recipients: Successful engraftment and long-term expression of the transgene. Blood 86, 1218-1227. 

35. SCHWARTZ, R.H. (1989). Acquisition of immunologic self-tolerance. Cell.57, 1073-108 1. 

36. SHIMIZU, K., MIYAO, Y., TAMURA, M:, KISHIMA, H., OHKAWA, M., MABUCHI, E., YAMADA, 
M., HAYAKAWA, T., and IKENAKA, K. (1995). Infectious retrovirus is inactivated by serum but not 
cerebrospinal fluid or fluid from the tumor bed in patients with malignant glioma. Jpn. J. Cancer Res. 86, 
1010-1013. 



37. SIMON, R,H., ENGELHARDT, J.F., YANG, Y., ZEPEDA, M„ WEBER-PENDLETON, S., 
GROSSMAN, M., and WILSON, J.M. (1993). Adenovirus-mediated transfer of the CFTR gene to lung of 
nonhuman primates: Toxicity study. Hum. Gene Then 4, 771-780. 

38. TAKEUCHI, Y., COSSET, F.L., LACHMANN, P.J., OKADA, H., WEISS. R.A., and COLLINS, M.FC. 
(1994). Type C retrovirus inactivation by human complement is determined by both the viral genome and the 
producer ceil. J. Virol, 68, 8001-8007. 

39. TSUKAMOTO, M., OCHIYA, T., YOSHIDA, S., SUGIMURA, T., and TERADA, M. (1995). Gene 
transfer and expression in progeny after intravenous DNA injection into pregnant mice. Nature Genet. 
9,243-248. 

40. UENO, H., IMAMURA, M., and KIKUCFIL K. (1983). Frequency and antigenicity of type C retrovirus-like 
particles in human placentas. Virchows Arch. A. Pathol. Anat. Histopathoi. 400, 31-41. 

41. VAN BEUSECHEM, VW., BAKX, T.A., KAPTEIN, L.C., BARTBAUMEISTER, J. A., KUKLER, A., ■ 
BRAAKMAN, E., and VALERIC, D. (1993), Retro virus-meditated gene transfer into rhesus monkey 
hematopoietic stem cells: The effect of viral titers on transduction efficiency. Hum. Gene Ther. 4, 239-247. 

42. VINCENT, M.C., TRAPNELL, B.C., BAUGHMAN, R.P., WERT, S.E., WHITSETT, J.A., and 
IWAMOTO, H.S. (1995), Adenovirusmediated gene transfer to the respiratory tract of fetal sheep in utero. 
Hum. Gene Ther. 6, 1019-1028. 

43. VON KALLE, C„ KIEM, H.P., GOEHLE, S., DAROVSKY, B., HEIMFELD, S., TOROK-STORB, B., 
STORB, R., and SCHUENTNG, F.G. (1994). Increased gene transfer into human hematopoietic progenitor 
cells by extended exposure to a pseudotyped retroviral vector. Blood 84, 2890-2897. 

44. WANG, X., CHEN, T., KIM, D., and PIOMELLI, S. (1992), Prevention of carryover contamination in the 
detection of 61 and PC genes by polymerase chain reaction. Am. J. Hematol. 40, 146-148. 

45. WARD, M., RICHARDSON, C, PIOLI, P., SMITH, L., PODDA, S., GOFF, S., HESDORFFER, C, and 
BANK, A. (1994). Transfer and expression of the human muhiple drug resistance gene into human CD341 
cells. Blood 84, 1408-1414. 

46. XU, L., STAHL, S.K., DAVE, H.P.G., SCHIFFMANN, R., CORRELL, P.H., KESSLER, S., and 
KARLSSON, S. (1994). Correction of the enzyme deficiency in hematopoietic cells of Gaucher patients 
using a clinically acceptable retroviral supernatant protocol. Exp. Hematol. 22, 223-230. 

47. ZABNER, J„ PETERSEN, D.M., PUGA, A.P., GRAHAM, S.M., WELSH, M.J., COUTURE, L.A., 
KEYES, L.D., LUKASON, M.J., ST. GEORGE, J.A., GREGORY, R.J., and SMITH, A.E. (1994). Safety 
and efficacy of repetitive adenovirus-mediated transfer of CFTR cDNA to airway epithelia of primates and 
cotton rats. Nature Genet. 6, 75-83. 

48. ZANJANL E.D., PALLAVICINI, M.G., ASCENSAO, J.L., FLAKE, AW„ LANGLOIS, R.G„ REITSMA, 
M., MACKINTOSH, F.R., STUTES, D., HARRISON, M.R„ and TAVASSOLL M. (1992). Engraftment 
and long-term expression of human fetal hemopoietic stem cells in sheep following transplantation in utero. J, 
Clin. Invest. 89, 1178-1188. 

Address reprint requests to: 
Dk Esmail D. Zanjani 
VA. Medical Center (15 IB) 
1000 Locust Street 
Reno, NV 89520 

Received for publication February 18, 1998; accepted after revision May 6, 1998. 




FIG. 1. Presence of m<f gene in peripheral blood of in utero- 
transduced sheep at 6 months posttransduction. DNA was ob- 
tained from mononuclear cells isolated from peripheral blood 
by Ficoll-Hypaque density centrifugation. These DNA samples 
were then analyzed for the presence of the neo^ sequence by 
polymerase chain reaction. The reagent control consisted of all 
of die constituents of the PCR reaction mixture except template 
DNA. The negative control (-) DNA was isolated from the pe- 
ripheral blood mononuclear cells of a normal control ram. The 
positive control consisted of the plasmid pUClSNeo diluted in 
normal sheep DNA to a concentration of 10%. The remainder 
of the samples are marked. 
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FIG. 2. G418 resistance of hematopoietic progenitors from 
in utero-trmsdaced sheep. Mononuclear cells were obtained 
from bone raairow of the m «ftf r<>-transduccd sheep and grown 
va methylcelluJose to detcnniae the percentage of progenitors 
of myeloid, mix, and erythroid lineages that weie resistant to 
increasing concentrations of G418, (A) The control values are 
the average of the percentage of colonies of each type that were 
resistant to each dose of G4 IS. The values labeled "created"' axe 
the average percentage of the combined colonies from sheep 
167, 173, 176, 177. 179, and 182 that were resistant to each 
dose of G4I8. (B) Comparison of gene transfer efficiency with 
producer cell lines versus supernatant preparations. Values for 
each group represent the average G418 resistance of CFU-GM, 
CFU-Mix, CFU-E, and BFU-E from all of the animals in the 
study that received either producer cells or a supernatant prepa- 
ration. 




FIG, 3. Detection of /i^o^ sequence in DNA isolated from 
G418-resistant bone mairow colonies from in utero-ximsduc&d 
Iambs, using the polymerase chain reaction. The negative con- 
trol (-) DNA was isolated from colonies grown from bone mar- 
row of a normal ram in the absence of G4I8; the reagent con- 
trol represents all the constituents of the PGR reaction mixture 
except template DNA. The remaining samples are DNA iso- 
lated from G418-resistant methylcellulose colonies from trans- 
duced lambs, as indicated. The positive control consisted of the 
plasmid pUClSNeo diluted in normal sheep DNA to 10%. 



FIG* 4. Ocmonstrartoa that 04 1 8 resistance of iieniatopoieiic 
colonies is aii accurdtc indication of vector-encoded gene ex- 
pression (see 10X1 for details). CFU-GM ixnd BR^-E colonies 
were grown from lamb 167 at 16 months posttransduciion. 
Lamb 167 had received GITkSvNa, a vector containing both 
the neo^ gene and the HSV thymidine kinase (tk) gene. Ail of 
ihe BfX)-E and CFU-OM colonies from animul W that were 
resistant to G418 at 3 nig/'ml were also sensitive to 6 ^^^f gan- 
ciclovir, such that essetittaliy no colonies were detectwl in the 
presence of both reagents. 
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FIG. 5* Detection of neomycin phosphotransferjtse activity in 
bone marrow niononuclear cells from in utero-xrdmducQd 
lambs/ using a gel overlay assay. Mononuclear cells were iso- 
lated from total bone marrow by Ficoll-Hypaque density cen- 
irifugation, and proteins were extracted under nondenaturing 
conditioTiJi as described in Materials and Methods* Samples 
were then run on a native po]yacr>4amide gel and assessed for 
iheir ability to transfer a ^-P-iabeled phosphate from [y- 
^-^PIATP to kanamycin, a substrate of neomycin phosphotrans- 
ferase, as described in Materials and Meth(x!s. Tran^jfer was de- 
tected by autoradiography. The positive control consisted of 
proteins isolated from Escherichia colt th^t had been transfecred 
with a plasmid containing the neo^ gene. 
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FIG. 6, Dctetrtion of NIT acti v ity in peripheral hlood smears 
from tn utero-tTumdnccd sheep ai 36 nionihs postiransduction. 
HeripheraJ blood smears were prepared at 3 years posttraus- 
ductian from sheep that had been transduced in utcro, and these 
smears were then stained with an antibody specitic for 
neomycin phosphotransferase (NPT). Shown here are the per- 
centage of white blood ceils (WBC^s) in each smear duit ex- 
pressed NPT. The percentage of positive cells was detemuiied 
by counting 1000 WBCs in each smear. 
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FIG. 7. NPT activity in PBMCs as detected by ELISA. 
Mononuclear cells (10"^) were collected from the peripheral 
blood of each of the experimental sheep at 50-52 months post- 
transduction and analyzed using an NPT-specific ELISA. Three 
control sheep were used to ensure that the assay was specific. 
All three control sheep consistently yielded low levels of back- 
ground (<5 pg/10^ cells), and the standard curve obtained with 
a dilution series of purified NPT was always linear. 





FIG. 10. Detection of netf sequences in bone mairow from sheep transplanted in utero with BMNCs &om in u/ero-transduced 
sheep (167, 177, and 182). DNA was obtained from mononuclear cells isolated from bone marrow by FicoU-Hypaque density 
centriftigation. TTiese DNA samples were then analyzed by PGR for the presence of the net/ sequence. The reagent control con- 
sisted of all of the constituents of the PGR reaction mixture except template DNA, and the negative control (-) DNA was iso- 
lated from the bone majrrw mononuclear cells of a noroial control ram. The positive control consisted of the plasmid pUClSNeo 
diluted in nomal sheep DNA to 1%. The remainder of the samples are as marked. See text for details. 




FIG. 11. Distribution of prctviraJ DNA in rissues of animai 168 (see text for details). Organs were collected from aniraai 168 
following sacrifice at birth. DNA was isolated from the organs as described in Materials and Methods, and was subjected to PGR 
with /ifi/-specific primers lo assess the distribution of the retroviral vector within the different tissues. The reagent control con- 
sisted of ail of the constinients of the PGR reaction except the template DNA. and the negadve cootrol (-> DNA was isolated 
from the bone marrow mononuclear cells of a nomal ram. The positive control consisted of the plasmid pUClBNco diluted in 
normal sheep DNA to 10%. 




FIG- 12. Disiribuiion of proviral DNA in tissues of animal 
187 (see text for details). Animal 187 was sacrificed at 14 
months posttransduction, and its organs were harvested. DNA 
was isolated &om the organs as described in Materials and 
Methods, and was subjected to /w£>'-specific PCR to assess the 
distribution of the retroviral vector within the different tissues. 
The reagent control consisted of dU of the constituents of the 
PCR reaction except the template DNA. The positive control 
consisted of the plasmid pUClSNeo diluted in normal sheep 
DNA to 10%. 



FIG. 13. Lack of transfer of the proviral DNA to the offspring 
of an m u/fro-transduced sheep. Ram 182 was bred with four 
normal control ewes, and the offspring were sacrificed and their 
organs analyzed for the presence of the /ie</ sequence (sec text 
for details). PCR analysis was then performed on isolated DNA 
from these organs. Shown here is a representative PCR from 
one of these offspring. The reagent control consisted of all of 
the constimcnta of the PCR reaction tnixture except the tem- 
plate DNA. The positive control consisted of the plasmid 
pUClSNeo dihited in normal sheep DNA to 1%. 
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FIG. 14. (a) Absence of ntc^ sequence in isolated spcma cells of animal 182. Two different ejaculates were collected from an- 
imal 182 at two different time points, and DNA was isolated and subjected to «£»'-spccific PCR (labeled "semen"; sec text for 
details). Pure populations of sperm cells were then isolated from these sanoe two ejaculates, and these DNAs analyzed as well 
(labeled "sperm"). The reagent control consisted of all of the constituents of the PCR reaction mixture except the template DNA, 
while the negative control (-) DNA was isolated from the sunea of a normal control ram. The positive control consisted of the 
plasmid pUClSNeo diluted in normal sheep DNA to 1%. Ch) Absence of necf sequence in purified sperm cells from rams 167, 
176, and I S2 at 3.5 yean after in utero transduction. 



Table 2, FACS Analysis of NPT Expression in 
Peripheral Blood of w Utero Transducep Sheep* 





Total PB 




Granulocytes! 


Sheep No. 


white cells 


Lymphocytes 


monocytes 


173 


0 


0.17 


0 


176 


0 


0.06 


0 


177 


0.16 


0 


13.1 


179 


4.85 


0 


11.12 


182 


1 


1.59 


0 


189 


1.6 


1.55 


0.6 



*Data obtained from FACS analysis of peripheral blood white 
cells from in w/^ro-transduced sheep, using an antibody to NPT. 
Values represent the percentage of positive cells in each gated 
cell population after subtracting the values obtained, using the 
same g^es, from a control sheep. 



Table 3. CLONCX3E^ac Assay of Secondary ELecipihmts* 



Percentage of colonies G418 resistant 



Animal No. 



CFU-GM 



CFU-E 



BFU-E 



595 
596 
597 
598 
599 



6.5 ± 
2.5 ± 
16.6 ± 
4.3 ± 
0 



1.9 
1.4 
1.6 
1.0 



2.6 ± 1.2 

1.4 ± 0.7 

4.8 ± 1.7 

9.1 ± 6.0 

4.6 ± 0.9 



5.1 ± 2.6 

7.2 ± 4.4 

12.3 ± 6.0 
8.6 ± 5.8 

23.4 ± 7.9 



"Bone manow mononuclear cells were obtained at 1 year 
posttransplant from sheep transplanted in utero with BMNCs 
from sheep 167, and clonogenic assays were performed in the 
presence of lethal concentrations of G418. Results are presented 
as the percentage of G418-resi$tant colonies of each lineage, 
after subtraction of the minimal resistance seen with BMNCs 
obtained from a normal age-matched control sheep. 
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live peripheriil bUa'xS smear frotii a nortn;i] icnUTol sJiccp; (B^ a rcprrscnuilivc smear (rt>m ariimiil iS2. The ainibody fur NPT is 
labeled m grs-e/i FITC, «hi!o the red couniervrai-'i is pirjpuJiuni iotliffc. 
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i)i Eiie liriiii. Using thi^ Hinc tsrclmiyue. we were also able to demonstrate the presence nf the provinjs vvitiiirt the liver c-f ani- 
ntdl (9.9 '.data nor iJiywaj. 



Molecular Analysis of T Lymphocyte-Directed Gene Therapy 
for Adenosine Deaminase Deficiency: Long-Term Expression 
In Vivo of Genes Introduced with a Retroviral Vector 

CRAIG A. MULLEN,(1) KAREN SN1TZER,(2) KENNETHW.CULVER,(2) 
RICHARD A. M0RGAN,{2) W. FRENCH ANDERS0N,(3) and R. MICHAEL 
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ABSTRACT 

Peripheral blood lymphocytes from a patient with adenosine deaminase (ADA) deficiency were 
transduced in vitro with a replication-defective retroviral vector containing a human ADA-cDNA. 
Eighteen months after the last of a series of infusions of autologous retroviral vector-treated cells, vector 
sequences were detectable in DNA isolated from peripheral blood mononuclear cells (PBMCs), with an 
average copy number approaching one per cell. Increased ADA enzyme activity reaching approximately 
one-quarter normal levels was found in this population of cells. Other evidence of long-term retroviral 
vector expression in vivo included neomycin phosphotransferase (NPT) activity and demonstration of 
persistent vector mRNA by reverse transcriptase polymerase chain reaction (RT-PCR). No evidence of 
spontaneous reversion of either mutant endogenous ADA allele was found. 

OVERVIEW SUMMARY 



Children with severe combined immunodeficiency due to adenosine deaminase (ADA) deficiency have 
been treated with autologous T lymphocytes transduced in vitro with a retroviral vector containing both a 
normal human cDNA for ADA and a cDNA for neomycin phosprotransferase (neo). This report by 
Mullen et al. analyzes long-term expression of the retroviral vector genes in the first patient over a three 
and one-half year period of treatment and observation. 



INTRODUCTION 



ISOLATION AND CHARACTERIZATION OF GENES responsible for inherited diseases and development of 
gene transfer technology have led to the initiation of clinical trials of gene therapy for human disease. A 
prerequisite for successful gene therapy of many human diseases is stable, long-temi expression in vivo of an 
exogenous gene in a physiologically relevant quantity. Critical to such an outcome are factors such as the lifespan 
of the transduced target cell in vivo and the continued expression of the introduced gene in vivo. 

Adenosine deaminase (ADA) deficiency is an autosomal recessive disorder that accounts for roughly 20% of 
the cases of severe combined itiununodeficiency (Hirschhom, 1990), Lack of ADA enzyme activity leads to the 
accumulation of adenosine, deoxyadenosine, and their metabolites, which are preferentially toxic to lymphocytes. 
The ADA gene was cloned in the early 1980s (Daddona et al., 1984; Valerio et al., 1985; Wiginton et al., 1984), 
and preclinical gene transfer studies using this gene have been carried out by a-number of groups (Williams et ai, 
1986; Kantoff al, 1987; Pahner et al. 1987; Coumoyer et al, 1991; van Beusechem et al, 1992; Moritz et 
al, 1993). One approach to treatment of this disorder is ex vivo retroviral vector transfer of a functional ADA 
gene into T lymphocytes, expansion of these cells in vitro, and reinfusion of these autologous genetically 
modified cells (Kantoff er al, 1986; Culver et al, 1990; Ferrari et al, 1991; Braakman et al. 1992). Two 
ADA-deficient patients were treated in this manner. Patient 1 exhibited significant lymphocyte transduction and 
an unequivocal increase in ADA activity. Patient 2 had less than 1% vector transduced lymphocytes and no 
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significant increase in ADA activity (Blaese et al, 1995). Despite this, they exhibited similar increases in 
inamunological function. Their clinical courses and the relative contributions of retroviral ADA gene transduction 
and infusion of activated lymphocytes expanded in vitro are described elsewhere (Blaese et ai, 1995). This 
report describes the long-term expression of an ADA gene in Patient 1 who received 1 1 such infusions over 23 
months and who was followed without funher intervention for an additional year and a half (Blaese et al., 1990). 
We wished to learn how long lymphocytes transduced with retroviral vectors would persist in vivo and how well 
the genes encoded by such a vector would be expressed over time in vivo. Furthermore, we sought to 
demonstrate that the ADA found in the patient's T cells represented an authentic vector-derived gene product 
rather than enzyme production from an endogenous ADA gene (Brown et ai, 1994). 



MATERIALS AND METHODS 

Transduction of patient lymphocytes 

The clinical protocol is described in detail elsewhere (Blaese et al., 1990). Informed consent was obtained from 
the parents of each patient on the protocol. Each treatment consisted of infusion of approximately 1-2 X 10(10) 
autologous lymphocytes that had been exposed to LASN retroviral vector in vitro and cultured for a total of 
10-11 days. Transduction efficiencies were usually in the range of 1-10% (Blaese et ai, 1995), The LASN vector 
is a replication- incompetent retroviral vector whose general structure is: [MoMLV LTR-human ADA 
CDNA-SV40 early region promoter-neomycin phosphotransferase gene] (Hock et ai, 1989). Clinical-grade 
vector was produced in PA317 amphotropic packaging cells (Miller et ai, 1986) (Genetic Therapy, Inc., 
Gaithersburg, MD). 



ADA assay 

ADA enzyme activity assay was performed as previously described (Kohn et ai, 1989). Peripheral blood 
mononuclear cells (PBMCs) were purified on a Ficoll gradient and washed in phosphate-buffered saline (PBS). 
Tissue culture cells were harvested and washed in PBS. Cells were centrifliged at ~ 1,500 Zg in microfuge tubes 
and these pellets were stored at -70 C until assayed. Cells were resuspended at a concentration of 5 ^ 10(6) 
cell&^ml in 100 mM Tris pH 7.4 and 1 mg/ml bovine serum albumin (BSA) and lysed by five rapid freeze-thaw 
cycles. Lysates were microfiiged at 15,000 X g for 2 min. A lO-ul amount of sample lysate containing the 
equivalent of 50,000 cells was incubated with 10 ul of 0.167 niM [(14)C]adenosine (50 uCi/ml)(Sigma, St. 
Louis, MQ) for 15 min. (The fmal concentration of adenosine in the reaction was 0.083 mM.) The enzyme 
reaction was terminated by addition of 20 ul of absolute ethanol and heating to 95 C for 5 min. Next, 50% of the 
sample was applied to a cellulose TLC sheet along with 3 ul of a nonradioactive solution of 10 mM 
deoxyadenosine, hypoxanthine, and deoxyinosine markers (Sigma, St, Louis, MO). The developing buffer was an 
aqueous solution with Na(2)PHO(4)0.06 M pH 6.8, n-propyl alcohol 1.2%, and saturated ammonium sulfate 
26% (vol/vol). After development and drying, the deoxyadenosine, hypoxanthine, and deoxyinosine spots were 
identified under shortwave UV light and cut from the sheet. Hypoxanthine and deoxyinosine (the deoxyadenosine 
metabolic products) were counted together while deoxyadenosine was counted separately in a liquid scintillation 
counter. Activity is expressed as nanomoles of adenosine deaminated/min per 10(8) cells. Duplicate samples were 
run in the presence of the ADA enzyme inhibitor EHNA (30 uM) (gift of R. Agbaria and D.G, Johns, Laboratory 
of Medicinal Chemistry, National Cancer Institute), Specific ADA activity was calculated as total adenosine 
deaminating activity minus EHNA-resistant activity. EHNA-resistant activity represents metabolic activity of a 



nonspecific aminohydrolase present in human cells (Schrader et ai, 1978; Daddona et aL, 1981; Ratech and 
Hirschhom, 1981). Positive control cells were obtained from healthy normal donors and yielded on average 72 
units (normal range 66-102 units). 

Neomycin phosphotransferase (NPT) assay 

This was performed as previously described (Reiss et al„ 1984) and represents ability of lysates of 5 X 10(6) 
cells to phosphorylate a neomycin analog in vitro. The strongest signal in patient samples was similar to the 
signal generated by a 1:100 to 1:1,000 dilution of K562-LASN cells, a strong positive control. The limit of 
detection is approximately 1 ng of purified NPT enzyme. 

Detection of vector DNA 

Southern Blots: A total of 10 ug of DNA was digested with Sst I and hybridized with a 728-bp A/co I fragment 
from LASN corresponding to the SV40 promoter and neo gene. DNA from K562-LASN cells served as positive 
control. 

PCR fro ADA Vector. A 10-ul amount of cell lysate (the equivalent of 5 X 10(4) cells) was used as template 
for a 30-cycle PCR reaction. The oligonucleotides 5'-CAGCCTCTGCAGGGCAGAAC-3' (corresponding to the 
3' end of the ADA gene in LASN) and 5'-GCCCAGTCATAGCCGAATAG-3' (complementary to 5' end of the 
neomycin phosphotransferase gene in LASN) were used as primers. 32p-labeled dCTP was present in the 
reaction. Products were run on a 6% polyacrylamide gel that was dried and used to expose fibn. 

RT-PCR analysis for LASN vector transcripts 

A 3-ug amount of poly(A)RNA was treated with DNase and reverse transcribed. Then 0.3 ug of cDNA was 
amplified with LASN vector-specific primers (5'-CAGCCTCTGCAGGGCAGAAC-3' corresponding to the 3' 
end of the ADA gene in LASN and 5'-GCCCAGTCATAGCCGAATAG-3' complementary to the 5' end of the 
neomycin phosphotransferase gene in LASN. Following electrophoresis and blotting, the sequences were 
hybridized with a 527-bp probe corresponding to the entire length of the predicted PCR product. 

RT-PCR analysis of endogenous (nonvector) 
ADA-mRNA 

A 0.3-ug amount of cDNA prepared from DNase-treated poly(A)RNA was amplified with primers 
corresponding to exon 5 of normal ADA (found in both endogenous and vector ADA) 




and antisense to a distal untranslated portion of exon 12 (found only in endogenous ADA). The upstream primer 
was from exon 5 ( - bp 376 relative to the stan codon) and consisted of the sequence: 
5'-CCAGACGAGGTGGTGGC-3'. The downstream primer was 5'-GACTATTGAGATCATGGTCTTCTT-3' 
and corresponded to a normally untranslated region of exon 12 ( ^ bp 1,175) not present in the vector cDNA. 
Each PGR product was split into three aliquots and digested with no enzyme (~), Bst A7 (X), or Bgl //(G). 
Following electrophoresis and blotting of the digest products, the filter was hybridized with a 345-bp Bam HI-Bg 
III fragment from LASN corresponding to exons 9-12 of ADA. 

Cloning of lymphocytes 

Clones were derived from PBMCs on day 985, 9 months after the final treatment. They were isolated by 
limiting dilution (Nutman, 1991) and expanded in tissue culture. Peripheral blood was fractionated on a gradient 
of Ficoll-Hypaque. PBMCs were activated with 0KT3 (10 ng/ml) and interieukin-2 (IL-2) (100 lU/ml) and 
initially grown on 1.5 X 10(4) 2,500 cGy irradiated allogeneic PBMCs at 0.1-10 patient cells per well in RPMI 
with 10% PCS in round-bottomed 96-well plates. Colonies emerging from plates with fewer than 32 positive 
wells were considered clonal. Culture time averaged 2 months and approximately 12 X 10(6) cells for each clone 
were generated. 

Cell lines 

TJF-2 is a human ADA-deficient T cell line immortalized with human T lymphotrophic virus type 1 (HTLV-l) 
(Kohn et al., 1989). K562 is a human erythroleukemia cell line with ADA activity similar to that of normal 
human PBMCs (Table 1). These cell lines were transduced in vitro with LASN retroviral vector and selected in 
G418 I mg/ml. The cultured pretreatment patient lymphocyte line represented Ficoll-Hypaque -purified 
venipuncture blood obtained before the first infusion of vector-treated cells. These PBMCs were stimulated with 
PHA, grown 4 weeks in vitro, and cryopreserved for 4 years. 

RESULTS 

Transduction and sampling of lymphocytes 

Peripheral T lymphocytes from a previously described patient with ADA deficiency (Hershfield et ai, 1993) 
were transduced with the LASN retroviral vector containing a human ADA cDNA (Hock et aL, 1989). In vitro 
transduction efficiencies were 1-10% as assessed by PCR on cell product samples obtained prior to infusion 

TABLE 1 , ADA ENZYME ACTIVITY IN UNCULTURED PBMCs AND IN 
LONG-TERM LYMPHOCYTE CELL LINES 

Cells 

Vector Vector Percent normal 

DNA(a) RNA(b) AD K activity (c) 

Uncultured PBMCs 

Cell lines 



Normal donor 



Patient pretreatment 
Patient day 115 
Patient day 500 
Patient day 1252 
Patient clone 1.1 
Patient clone 1.3 
Patient clone 1.7 
Patient clone 1.14 
Patient clone 1.20 
Patient clone 1 .2 1 
Cultured patient 
Pretreatment 
TJF-2 

TJF-2-LASN 
K562 

K562-LASN 

+ NTd 
+ NT 

100 
1 
3 
11 
18 

61 

60 

141 

74 

43 

24 

10 
1 . 
407 
98 
3,387 

Uncultured PBMCs were obtained from FicoU-Hypaque-treated venipuncture blood. Patient clones were 
obtained from patient on day 985, 9 months after the final inftjsion of treated cells. Cultured patient pretreatment 
cells were PBMCs obtained, prior to the first treatment that were stimulated with PHA in vitro and grown in 
vitro for greater than 7 weeks in tissue culture before analysis. 

(a) Vector DNA +, Cells were positive for LASN vector DNA by Southern hybridization analysis of genomic 
DNA and by PCR using primers specific for vector. 

(b) Vector RNA +, DNase-treated mRNA was RT-PCR positive for LASN vector using primers that were 
specific for LASN and that did not amplify cellular ADA mRNA. 

(c) % normal ADA activity, EHNA-sensitive adenosine deaminating activity of cells as a percentage of normal 
peripheral blood PBMC activity. % normal ADA activity values for clones represent total adenosine deaminating 



activity; the limited number of cloned cells precluded repetition of the assay with the use of EHNA as a specific 
inhibitor of ADA. 

(d)NT, Not tested due to lack of a sufficient number of cloned cells for RNA preparation. 



(Blacsc et ai, 1995). Three infusions (A^S on protocol day 60, #8 on day 314, and #1 1 on day 707), each 
followed by a significant interval before subsequent infusions resumed, were studied in detail with respect to the 
presence of vector DNA, vector message measurable by RTPCR, and vector product measured as ADA and 
neomycin phosphotransferase-2 (NPT) enzyme activity. For each of these cycles, PBMCs were sampled 
immediately prior to and at various times after ceil infusions. These treaiment-frce evaluation periods were 55, 
186, and 545 days, respectively. 

Detection of retroviral vector DNA in patient lymphocytes 

Vector sequences were readily detectable on Southern blots of this patient's PBMCs up to 545 days after the 
previous treatment. Both Southern blots (Fig. 1) and, semiquantitative PCR (data not shown) indicted that the 
average copy number of vector sequences per cell increased progressively during the course of the treatment 
protocol and approached approximately one in the samples taken after the eleventh infusion cycle. The vector 
signal did not wane during the 186 days following infusion 8, protocol days 314-500, or in the 545 days fol- 

Southern 

Infusion 3: NPT 

RT-PCR 
Southern 

Infusion 8- NPT 

RT-PCR 

Southern 

Infusion 11: NPT 



lowing infusion 1 1, protocol days 707-1,252. Southern blots in which patient PBMC DNA was digested with 
Eco Ri (which cuts only once in LASN) gave no evidence of a monoclonal or oligoclonal population of 
vector-containing cells (Biaese el ai, 1995). 

ADA activity 

ADA enzyme activity also increased progressively in the population of post- treatment PMBCs, approaching 
one-quarter nomial levels in the period following the final infusion of ADA vector-modified ceils (Fig. 1). This 
level of ADA activity is clinically significant. The increase in ADA enzyme activity in the post treatment PBMC 
samples suggested that the transduced LASN vector was its source. However, the ADA enzyme assay cannot 
distinguish between enzyme produced by the retroviral vector and endogenous ADA genes. Expressicm from the 
LASN vector was fiirther tested in two ways: first, by measurement of NPT activity in the PBMCs and second, 
by detection of vector mRNA. 

Expression of vector neo gene 

The LASN vector contains two transgenes: human ADA driven by the promoter/enhancer in the MoMLV 
retroviral LTR and a ncomycin-resistancc (neo) gene expressed by an internal SV40 early region promoter. 
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FIG. 1. LASN vector expression in patient PBMCs. Patient PBMC samples from infusion cycles 3, 8, and 11 
were snidied. The study date is indicated under each column. The number of days from the initiation of the study 
is indicated by "D" (e,g.. 0115). The number of days relative to the infusion date for the infusion cycle is also 
indicated (e.g.. "55 days" relative to infusion 3). PBMCs from blood were directly assayed and are identified with 
a "D" number in parentheses, e.g.. (Dl 15). Cells grown in culture without additional vector ane designated "cuJ- 
tured." Those designated "LASN" were exposed to additional vector and were aliquots of the cells infused into 
the patient in the infusion cycle. For each point in time, a Southern blot was performed to identify the LASN 
vector. DNA from K562-LASN cells provided the positive control. NPT is neomycin phosphotransferase activity 
in lysates of 5 X 10(6) cells. Positive patient samples are similar in intensity to samples of 5 X 10(3) K562-LASN 
cells. RT-PCR represents LASN vector message in DNase-treated RNA. Positive patient signals from 0.3 ug of 
cDNA were similar in intensity to 0.3 ng of cDNA from K562-LASN. EHNA-sensitive ADA activity is described 
for each PBMC sample. 




neo gene activity is not normally present in human cells and thus the presence of its product, NPT, in cells would 
demonstrate transcription and translation of integrated vector sequences, PBMCs from the same days that were 
analyzed for vector presence by Southern blots were assayed for NPT activity (Fig. I), NPT could be directly 
detected in samples from the patient's circulating T cells on several occasions during the course of our 
observations, confirming vector derived gene function. 

Expression of vector ADA gene 

Demonstration of NPT enzyme activity in the patient's T cells provides unambiguous evidence of vector 
expression. However, the neo and ADA genes are in separate transcriptional units and it could be argued that the 
ADA activity still could come from the patient's endogenous ADA genes. Conventional Nonhem blots were 
insensitive to the levels of vector ADA-mRNA in the PBMCs, compatible with the relatively modest amount of 
ADA and NPT activity in these cells. RT-PCR, however, detected vector ADA message in all the post-treatment 
PBMC samples with the exception of days 1 15 and 381 (Fig. 1). 

Comparison o/LASN vector expression in patient lymphocytes and in transformed cell lines 

Increased ADA activity, NPT activity, and vector mRNA were found in patient PBMCs after treatment and the 
relative levels of these correlated with each other. In these studies, transformed human cell lines K562 and TJF-2 
transduced with the LASN vector and selected in G418 were used as positive controls. In these cell lines, the 
vector-induced increases in ADA activity (Table I) were much greater than in the patient's lymphocytes. 
Significantly greater NPT activity and vector mRNA were also seen in these cell lines (data not shown). 

Analysis of endogenous ADA activity 

As part of this post-treatment analysis, an attempt was made to clone patient lymphocytes and analyze the 
magnitude of vector expression in clonal populations. T cell clones were prepared by limiting dilution, without 
G418 selectioii, from the patient's peripheral blood drawn on protocol day 985. The patient's cells did not clone 
efficiently, but six clones yielded enough material before reaching senescence for characterization by Southern, 
RT-PCR, and ADA enzyme analyses. A summary of the analysis is contained in Table I. Five of the six clones 
contained integrated LASN vector DNA. Each of the vector-positive clones exhibited significant ADA enzyme 
activity, ranging from 43% to 141% of that in normal PBMC (Table 1). Vector mRNA was detected in each of 
the three vector-positive clones analyzed. Clone 1.21 was negative for vector DNA by both Southern blot and 
PCR, and also negative for vector mRNA by RT-PCR. Surprisingly, clone 1.21 had 24% normal adenosine 
deaminating activity. 

It is possible that the process of cloning may have selected for cells that had higher levels of adenosine 
deaminating activity. Consistent with this was the finding that a cell Ime derived from nontransduced, 
pretreatment PBMCs from this patient also contained some adenosine deaminating activity (Table 1). This cell 
line had been stimulated with phytohemoagglutinin (PHA) and IL-2, grown for 4 weeks» ctyopreserved for 4 
years, thawed, and grown again for 3 weeks. PBMCs obtained by venipuncture from the patient prior to therapy 
and not cultured had never shown any significant ADA activity. We and others have observed that upon occasion 
T cells from ADA(-)SCID patients will exhibit increased ADA enzyme activity upon in vitro activation and 
culture (Arredondo-Vega et ai, 1990). This finding raised the possibility that the increased ADA activity in 
post-treatment patient PBMCs might represent recovery of expression of an endogenous ADA gene or ampli- . 
fication of another . enzyme that could deaminate adenosine. 



In normal cells adenosine deaminating activity is lai^ely due to ADA enzyme, whereas a nonspecific 
aminohydrolase contributes approximately 1% of the activity. These two enzymes can be distinguished by use of 
the enzyme inhibitor EHNA (Schrader et ai, 1978; Daddona et al„ 1981; Ratech and Hirschhom, 1981). ADA is 
inhibited by EHNA whereas the nonspecific aminohydrolase is not. (All ADA values in Fig. I are EHNA 
sensitive.) In theory cells overexpressing either enzyme would have a survival advantage as they were activated 
and expanded in vitro for 10 days as part of the treatment protocol To investigate this possibility, cultured 
pretreatment cells that had shown ADA activity were reassayed with the use of EHNA as a specific inhibitor of 
ADA enzyme (Table 1). It was found that half of the adenosine deaminating activity in these cultured cells was 
EHNA resistant and therefore represented amplified activity of the nonspecific aminohydrolase. Nonetheless, 
some authentic, EHNA sensitive ADA enzyme activity was also present in these cultured cells. 

This raised the possibility that in the course of treatment a spontaneous reversion of the mutations in the 
patient's cells may have occurred. The mutations for this patient have been described (Santisteban et al, 1993). 
One mutant allele (A) contains a Gly2l6 > Arg point mutation in exon 7 that creates a new Bst XI restriction 
site, A patient homozygous for this point mutation had less than \% normal ADA activity and a severe clinical 
inmiunodeficiency (Hirschhom et al., 1991). The other allele (B) is a splice site mutation in intron 5 (a T + 6 > A 
transversion) that eliminates exon 5 from mRNA, resulting in a mRNA reading frame shift and a premature stop 
signal at codon 13 1 (in the middle portion of the protein). 

Given the nature of the splice site mutation, it could be speculated that correct splicing might occur in 
culture-activated lymphocytes and be responsible for producing normal ADA protein. To evaluate this possibility, 
PBMC samples from five time points were subjected to RT-PCR using primers from exon 5 and a distal 
untranslated portion of exon 12. This primer set will not amplify vector sequences because the vector lacks this 
untranslated portion of ADA exon 12 and will not amplify improperly spliced mRNA from the endogenous allele 
B because such splicing eliminates exon 5. If proper splicing were occurring, two species of RT-PCR products 
should be seen in the PBMCs: one possessing the extra Bst XI site (from allele A with the point mutation) and 
one lacking this site (allele B). Following Bst XI digestion, mutant A yields a 485-bp product whereas the 
wild-type allele would yield a 596-bp product. Figure 2 demonstrates that in none of the samples analyzed was 
there evidence of properly spliced mRNA lacking the point mutation as judged by the lack of the 596-bp Bst 
Xl-digested RT-PCR product. Thus, it is very unlikely that the increased ADA activity in vivo came from 
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FIG. 2, RT-PCR analysis of endogenous (nonvector) ADAmRNA. A 0.3-ug amount of cDNA was amplified 
with PGR using vectors that were specific for endogenous ADA and that fail to amplify LASN vector-derived 
mRNA. Each PGR product was split into three aliquots and digested with: no enzyme Bst XI (X) or Bgl II 
(G). Normal and mutant ADA genes should both produce an 824-bp band that reduces to 420 bp with Bgl II 
digestion. (The larger bands in the "G" lanes represent incomplete digestion with Bgl ll.j Bst XI digestion of the 
PGR product from a normal gene yields a 596-bp band, whereas the mutant ADA gene which contains an 
additional Bst XI site yields a 485-bp band. Samples are from the patient on the study day indicated or from a 
normal human donor. The bands corresponding to days 1 15, 381, and 500 represent an overnight exposure of the 
blot whereas the bands from days 707, 1,252, and the normal donor are from a 3-hr exposure of the same blot. 

reversion of either the point mutation in the one gene or proper splicing of the allele with the splice site mutation. 
The analysis does not exclude the possibility that some post-translational modification of the Gly216 > Arg 
mutant enzyme contributes to the increased ADA activity in the vector-negative cultured T cells, but no 
precedent for such a mechanism has been reported. 

DISCUSSION 

This molecular analysis of the extent and duration of expression of transgenes introduced into human 
peripheral T cells with retroviral vectors has demonstrated that prolonged transgene expression in vivo is 
possible with the current generation of retroviral vectors when used in primary T cells. It has been observed in 
some experimental systems that in nontransformed cells retroviral vector genes expressed in vitro may cease to 
be expressed when the vector-modified cells are returned to the living host (Palmer et ai, 1991). This 



experimental observation, as well as the observation that some vector-negative lymphocyte lines from this 
ADA-deficient patient exhibited some ADA activity, made it important to evaluate expression of the 
retroviral ADA vector critically. 

The demonstration of NPT activity and vector mRNA in the patient's lymphocytes provides positive evidence 
for long-term expression. The failure to identify any reversions from the patient's mutant ADA genes also 
strengthens the conclusion that the increased ADA activity in the patient's lymphocytes was due to successful 
transfer and expression of the vector. In these studies we observed that the magnitude of expression in patient 
lymphocytes was only 0.1-1% of that seen in vector-treated control K562 or TJF-2 transformed cell lines. This 
difference may be due to different selection pressures. The transformed cell lines were selected in vitro with 
G418 whereas the patient's lymphocytes were not. It is highly likely that in vivo there was selective pressure for 
lymphocytes with greater ADA activity. Transduction elficiencies were only 1-10%, yet over the 3 years of 
observation the proportion of PBMCs that contained LASN vector increased as judged by Southern blots. 

An alternate explanation for differences in vector activity is that there are inherent differences between 
transformed and nontransformed cells that affect retroviral vector expression. If this proves to be the case, the 
common use of continuously growing, transformed cell lines in the design and testing of genetic vectors may be 
misleading if the intended use of the vectors is transduction of normal cells. 

The clinical course of this and another patient treated with activated, expanded autologous lymphocytes 
exposed to the retroviral ADA vector has recently been described (Blaese et ai, 1995). The exact contribution of 
retroviral ADA gene transfer relative to other components of therapy (e.g., infusion of activated autologous 
lymphocytes and ongoing treatment with parenteral ADA enzyme) to the observed clinical improvement is 
difficult to assess without a randomized prospective trial. Nonetheless, the clear demonstration of vector activity 
in this pilot study demonstrates that therapeutic retroviral vector-mediated gene transfer in humans is technically 
feasible and justifies other clinical trials. The observation of long-temi expression of vector genes in T 
lymphocytes in vivo suggests other applications. T lymphocytes survive for many years in immunologically 
normal hosts. Given their longevity and the ease with which they can be collected and manipulated in vitro, lym- 
phocytes may be attractive vehicles for disorders other than immunodeficiencies in which long-term gene 
expression and systemic protein delivery is necessary. 
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Table I. ADA Enzyme AcnvrrY in Uncultured PBMCs and in 
Long-Term Lymphocyte Cell Lines 



Cells 



Victor 
DNA^ 



Vector 
UNA** 



Percent normal 
ADA activity 



Uncultured PBMCs 



Nonnal donor 
Patient pretxeatmeat 
Patient day 115 
Patient day SOO 
Patient day 1252 
Patiem done M 
Patient clone 1.3 
Patient clone 1.7 
Patient clone J. 14 
Patient clone 1 .20 
Patient clone 1.21 
Cultured patient 
Preticatmcnt . 
Tn^.2 

TJF-2-LASN 
K562 

K562-LASN 



100 



Cell lines 



+ 



+ 
+ 

+ 



+ 
NT* 




3 
11 
18 
61 
60 
141 
74 
43 
24 



+ 



+ 



+ 



+ 



407 
98 
3.387 



Uncultured PBMCs were obtained from Ficoll-Hypaque-treated venipuocture blood. Patient 
clones were obtained from patiem on day 985, 9 months after the final infusion of treated cells. 
Cultured patient pietreatment cells were PBMCs obtained prior to the first treatment that were 
stimulated with PHA in vitro and grown in vitro for greater than 7 we^s in tissue culture before 
analysis. 

'Vecttr DNA +, Cells were positive for LASN vector DNA by Southern hybridization analy- 
sis of genomic DNA and by PCR using primeis specific for vector. 

''Vector RNA DNase-treated mRNA was RT-PCR positive for LASN vector using primers 
that were specific for LASN and that did not an^Ufy cellular ADA mRNA. 

^% nonoial ADA activity. EHKA-sensitive adoosine deammating activity of cells as a perceot- 
age of normal peripheral blood PBMC activity. % normal ADA activity values for clones repre- 
sent total adenosine deaminating activity; the United number of cloned cells prechided repetition 
of the assay with the use of EHNA as a specific inhibitcn- of ADA. 

*'NT, Not tested due to lack of a sufficient number of cloned cells for RNA preparation. 



Infusion 3: npt 



RT-PCR 
ADA 



Southern 



DNA-STO (MMTO 



Infusion 8: npt 



RT-PCR 



ADA 



Southern 



Infusion 11: npt 



RT-PCR 



ADA 




FIG. 1. LASS vector exprexkm tn patient 
PBMCs. Patient PBMC samples from infustoa 
cycles 3, 8. and 1 1 were studied. Tbe study date 
is indicated under each column. The number of 
days finm tbt inttiation of the study U iiulicated 
by "D" ie,g., DU5). The tmmber of days rela- 
tive to the infiisioa date for the infusion cycle is 
also indicated {e.g., "55 days" relative to infu- 
sion 3). PBMCs from blood were directly as- 
sayed and are identified with a "D" number in 
pamidieses, e.g., (Dl 15). Cells grown in culture 
without additional vector are designated "cul- 
tured." Those designated "LASN" were exposed 
to additiooal vector and were aliquots of the cdls 
infused into the patient In tbe in^oo cycle. For 
each point in time, a Southern bloi was per- 
formed to identify Ibe LASN vector. DNA fhim 
K562-LASN cells provided the positive control. 
NPT is neomycin phosphotransferase activity in 
lysates of S X 10^ cells. Positive patient samples 
are similar in intensity to samples of 5 X 1(P 
K562-LASN cells. RT-PCR represents LASN 
vector message in DNase-tieated RNA. Positive 
patient signals from 0.3 >ig of cDNA were sim> 
ilar in intensity to 0.3 og of cDNA frcm KS62- 
LASN. EHNA-sensitive ADA activity is de- 
scribed for each PBMC san^^e. 




FIG. 2. RT-PCR analysis of endogenous (nonvector) ADA- 
mRNA. A 0.3-/ig amount of cDNA was amplified with PGR 
using vectors that were specific for endogenous ADA and that 
fail to amplify LASN vector-derived mRNA. Each PGR prod- 
uct was split into three aliquots and digested with: no enzyme 
{-), Est XI (X) or Bgl n (G). Normal and mutant ADA genes 
should both produce an 824-bp band that reduces to 420 bp 
with Bgl n digestion. (The larger bands in the "G'* lanes rep- 
resent incomplete digestion with Bgl II.) Bst XI digestion of the 
PGR product from a normal gene yields a 596-bp band, whereas 
the mutant ADA gene which contains an additional Bst XI site 
yields a 485-bp band. Samples are from the patient on the study 
day indicated or from a normal human donor. The bands cor- 
responding to days 115, 381, and 500 represent an overnight 
exposure of the blot whereas the bands from days 707, 1,252, 
and the normal donor are fix)m a 3-hr exposure of the same blot. 
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Molecular Engineering of Matrix -Targeted Retroviral Vectors 
Incorporating a Surveillance Function Inherent in 
von Willebrand Factor 

PREDERiCK L. KALLJ - LIOIONG LIU.* - NLAN LING ZHUr MARIA STAFFER.- 
W. FRENCH ANDERSON.'"^ ROBERT W. 8EART.* and ERLiNDA M. GORDON'-^ 



ABSTRACT 

A niqjor obstacle thai timit^ the potential of human gent! therapy is the Inefllciency of |iene delivery to ap' 
propria te siUa in vivo. Previous studies demonstrated that the physiological surveillance fuuctlon performed 
by von Wiflebrand factor (vWF) could be Incorporated into retroviral vectors by molecular engineering of 
the MuLV ecotropic envelope (Env) protein. To advance the application of vWF targeting teclmology twyond 
laboratory animals, we prepared an extensive series of Fnv proteins bearing modified vWF-derived matrix- 
binding sequences and assembled these chimeric proteins into targeted vectors that arc capable of transduc- 
ing human cell^ Initially, a dual envelope configuration was utilized, which required coexprewdon of a wild- 
type amphotntpic Bnv. Subsequently, streamlined ^'escort" Env proteins were constructed wherein the 
inoperative receptor-binding domain of the targeting partner was rvpiaced by the vWF-derived collagen-bind- 
ing motif. Ultimately, an optimal confttnict was developed t)iat exhibited properties of br>th extracellular mo- 
trix (CCM)-targeting and near wild-type amphotropic infeetivity, and could be arrayed as a single envelope 
on a retroviral particle. On intraarterial instillation, enhanced focal transduction of ncointimal cells ( ~20%) 
was demonstrated (n a rat model ofballrNin angioplasty. Moreover, transduction of tumor foci (—1-3%) was 
detected after portal vein infusion of a matrix-targeted vector in u nude mouse model of liver metastasis. We 
conclude that the unique properties of these targeted injectable retroviral vectorv would be suitable for Im- 
proving therapeutic g^nc* delivery in numerous dinical applications, including vascular resttiousic, laser and 
other surgical procedures orthopedic inittries, wound healing. Ischemia, arthritis* inflammulury disease, and 
metastatic cancer. 



OVERVIEW SUMMARY 

Toward dcvcluping tart^eted liUecUible vectors for retrovi- 
ral gene thenupy, %*« coratnicted j series of modillfed am- 
photropic Knv proteins beariQR von Willebrand factor 
{vWP)-dcrived matrfx-targtiUng (col(agen-binding) pep- 
tides, and (UttemMed thcsii chimeric prutelni* into targeted 
vectan that were capable af iransdiicing human cells, fnl- 
linUy, M dual envelope conrigunaiioii wa< uUUxud, which 
required ciMixprvuion or a wild-type amphotropic Env. 
SubsequeoUy.ctrcamlincd ''cvcvrt" Env proteins were con* 
Klriivted wherein the inoperative rvccpliir-hindinc dumain 
orih« Urgtftlng partner wai replaced hy the vWF-dcrJv«d 



collagcn-blndiog motir. Ultimately, mq optimal coniitruct 
was developed that exhibited properties of both high alTln- 
ity for collagen and wild-type amphotntpic intcctivity, and 
cuuld be arrayed as a .•!>ing1e envelope on a mtruviral par* 
tide. On intraarterial institlalion^ enhooced Ukh\ trans- 
ductlun of neoinctraal cells m vivo-wta denion<ictrH((;d in a 
rut mudul of balloon aaglnplasty. Moreover, tr(iit$duvliun 
of tumor foci in vivo wax ohttrvi-d iin p<.ir1al vein iafuslan 
of a matrix-targeted vector in a nude mouse mudci of liver 
metastasii. These findings represent a dellnftivt: udvHnce in 
tlie ilcvtilopment of targeted iiijcvtahl« retroviral vLvtorsi 
for (ene therapy of vuiicular restennsb and metastatic 
cancer. 



■Ceitf Tlwrjpy UtxTJluricti. *l>ep«nm<;ni ot CtilufcciBl Surg^fy. 'tli^piinMieiii uf f'wJialrits, Keck iichodf M('M<rUkiiK ol the Univcrniiy 
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RUTKOvik.M. viKTOBs otTcf numcrixj* aiJvaniHfics as gene de- 
livery systems (S.ilmoni; and Cuniburi;, tO^W: Cumjon ^6 
AfKicrton, 1994). Mcchnnisiicftlly. iriinstluciiim iif Lir)i^et oeHs 
by rciruviral v«M;inr( is iniiiatcd by hintliiig or' ihe viral enve- 
lope prctifriti 10 ceil surface i-eceptora (Honter awJ Sw^nMtmm. 

Weisii. I«>y3> follovved by fusitwi ni' vinl tind cellular 
nwrnhninw (Whirc, am' micmjili/iiiirm oCthe virai core. 
SijjnirtLjnt advancemcnis in the produciinn (Si^neokd ci 
IWy. Yung */ nU IVW) and physiological slaDility (Penwcro 
f/ /j/.. I'lJyfr) of rctroviryl vectors have been m»*k. However, 
»hc pntciuial uk of ihe»ic vectors lor th^rHpcuiit yene delivery 
is .Ncvcrcly limited by li»i;istital tnnsideraiiiin*. principal ol' 
which is; the lack of lissue spdciTiciiy of current vectnrt and u 
resulUiig inability m deliver .sufficient numbers ot vector pani- 
cles Ko target cells in vivo tAftderson, IV^S: Vcrma and Somin. 
1997). Thus, the development of targeted injectable retroviral 
vectors tor human ijenc therapy renwin* n longstiindine 
{.SaliTMinsf iinJ Cunyi>urg. 1993; Anderstin, I99R), yet tluftivt 
(Anderson, 1995: Verma and Somia, 1997) goal. 

To advance the biotechnology of jieimviral vector largetinj. 
research has focused on molecular engineering of the retrovj* 
ml envelope (£nvl proteins (Kasahara er a/„ 1994; Coiisct and 
Ruftscll, 1996, Penn et 1997). Our previous) work on vec- 
tor targeting fHall tt al., 1997; Wu «/ at., 1998) supports the 
geiieral concept of Ktniiegically modifying retroviral envelopes 
to generate tissue- or cell-specific targeted viral vectors (An- 
derson. 1993; Weisit and Tailor. 1995). However, in contrast to 
more standard approaches to engender tiuue targeting by dis^ 
play oJ'' polypeptide Vt&ands (Kasahara et aL '994; Val$csia> 
Wittmiin et at, 1994) or singic-ch»iin antibodic* (Russell. I90:i; 
Cotset at Qt.. 199S; Somiit ci ai., 199S) imi viral envelopes, we 
un<icrtoolt the seemingly counterintuitive strategy of targetlne 
ihe eKtracellular matrix (CCM) itself. I.e.. targeting £CM pro- 
ietn.s exposed in puihophysiological lesions to conocntnie vec- 
tors in the ECM in the viciniiy of largci telU (Hall #f ai, 1997). 
To exploit the basic biology of wound healing, vi^e irtcorporiice<f 
a matriX'targeting (i.e., collagen-binding) motif derived from 
von Willebrond (C4>agu)atioi)) factor (vVfP) imo the ecooopic 
(C££'^) muritK leukemia virus (MuLV) £nv to provide an in* 
tcgral gain-of>functlon [It., high collagen<blndlng affinity) 
wiihtnii irjOucing conformational changcji that would comprt>- 
mifte viral infectivity (Hull «f at., 1997). ConccpluMtly, molec- 
ular "tethering" of collagen -targeted viral parLicle$ to exposed 
ECM would enhance the effective vector concentration in the 
vicinity of target cells and. against formidable dilution factors, 
would promote binding, fusion, and cnre entry via natural 
viruweceptor mechanisms. 

von Willehrtind factor is a mosaic plasma glycoprotein thai 
ill AyntheKited hy bitth ptyidets vmlendolheliul celh und is nor- 
mally found in circulating hlood (Ginsburg e( al., Ini- 
tially Identified as a deficient coagulation factor in a form of 
inherited hemophilia (Rugger! and Zimmerman. 1987). vWF 
pertorms ^ vital surveillance funciion by nnediaitng plaietei ud- 
hesiort to liiiei of vu&culur itijury. The jgijreguiion of platelets 
onici the subendorhelium initiates a series of biochemical re- 
actions thui uliirrtHtely resultH tn the ckxiing of Moot! unJ ce>,- 
.SHtion of bteediii);. Discrete tlnmiiins of vWP hind with high 
affinity U» newly exposed cnllagen {Tjkaji «; at., lywi; Tuan 
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ei nL, h)')6); this, togciher with glycoprotein lb and plyct»- 
pmiein lln/llla, promotes the plaielci> vessel wall interaciion, 
The j>ertinertt structural domains of vWP. depict injj a high- 
afViniiy collagen-binding domain (CBD) within the D2 do- 
main ol the mature polypeptide, arc shown in ?\%. lA. Prcvi 
ous iiudic.« demqnstniicil thai ir.Hnsp<isiiiiin of vWF-derivcil 
sequences into the ccoiropic (CEE*) retroviral Env pruiein 
serves Ki direct retroviral recruiiniem and accumulatioi^ ai 
!ii(es of exposed collagen in an animal model of vascular iit- 
jury, enhancing both the transduction of reactive smtwth mu.-^ 
cJc cell.-i (H«l) et al, 1997; Anderson. 1998) and fhe irfrtcacy 
nf gene iherapy fur vascular resieniwis (unpublished nhserv:(- 
iion.s). Realitingthat thiit ECM-targeting technology may have 
inrtporutii implications in the development and implemeni;*- 
tion of numerous gene therapy protocols, we generated a se- 
ries or" matrix-targeted amphoiropic retrt>virdl weciors for 
transduction of human cells. 



MATERIALS AND METHODS 

CcU lineit and cell culture condltiana 

Murine MH 3T3 and 293T cells <CRL I \1f^^) were supplied 
by the American Type Culture Colleccion (RockviJJe, MD). NTH 
3T3 and 293T cells wete maintained in Dulbecco's tiiulined En- 
glcs medium supplemented with \Q% fetAl bovine serum 
(DIO; BioWhinaker, Walkctsvillc« MD). Tlie plasmid pcgp, 
conmining the viral io^-pol genes, and a retrov'u'al vecior. 
pcnBg, expfVMing a nuclear- targeted ^-gatactosidase construct, 
were kindly provided by P. Cannon and L- Li, ie:spcctively (Geiie 
Therapy Laboratodei. University of Southern California, Los 
Angeles. CA). The rat monoclonal antibody 83A25, directed 
against the C terminus of (he gp70*"^ protein, was provided by 
L. Evmifi (Rocky Mountain Ubonuorics. Haniiiton. MT). 

Molecular en^ineerinj^ and clnning of the escon 
series Of MuLV envelope proteins bearing a 
coilagen-birtding domain 

Se<iuence encoding the collagen-binding domain (CBD) 
with strategic tinkers was incorporated into the CEE'*' env as 
a pair (sentic and untiscnsc) of synthetic oligonucleolitles. The 
undem synthetic oligonucleotides were annealed by boiling 
followed by gradual cooling, after which the DNA duplexes 
were separated from smgle-ccranded oligonucleotides by pas- 
sage through a 025 column (5 Prime -» 3 Prime, Boulder. CO). 
The cDNA insens were cloned into the CEB-C (A hinge) env 
construct, which was modified by replacemepi of an am- 
phorropic pn>line-ricb hinge region containing thrtc unique re- 
striction siics {AvrW, Pst\, and 5ml) and an additional Wg»Mt 
reKiriciioii <;ite fWu «r ui, I99S). The vector was cut with the 
following reAiriction efU^ymeA lo generate the respective con- 
stnjcis: BsiEU to Avrll (BA); flifEIl to Si«l (BS); and ttstm 
to SsoM] (6N) inscrw. The linearized vectors were tunfirmed 
by resiriction analysin tin agam-se gels and purified by ihe 
GeneClean method (Bio tOi. Virfu. CA) prior lo ligation with 
the respective cDNA (CBO) inserts and T4 DNA lipase (New 
nntflund BioLabs. Beverly, MA). FJieh construct was am- 
firmed by restriction analyols followed hy direct UNA se- 
quence unalysiit. 
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FIC. 1. (A) Sinictunl domains or von Willebrand factor (vWF), identifying the collagen-binding motif within the D2 domain 
of the mature polypeptide. The mimlmal collngcn-blnding sequences of human and bovine vWF, including the flonkinji residues, 
are shown. This figure U m modification of the mosaic pniiein Kiruciure of vWF, published by Momgomcry et at. (1998). (B) 
Evolution of matrix-targeted amphotroptc envelope deKign-t, including dual envelope configunaionit, envclopr "escort" prutetnt;, 
and CAEP confttructt, each incorponting « coUtigcn-bindtng domain (CDD), ux well is amphotropic trupiitm, into [he corre. 
^ponding vectors. (C and D) Binding of virions bearing chimeric CEE and Ca£ £nv proteins onto collngcn matricei;. The com- 
parative binding affinities of vecioni bcnring WT cnv (C££ or CAE) versus vecuirs displuying matrix-targeting motifs are in- 
ferred from the varying degrees to which ELlSA wellfi are Hurliencd (O, expressed as OD^^x} readings on a Rainbow .Spcictrii 
ELISA reader (D). CEE (wild-iypc CEB env); CBBS-CEE-CfiE (collagen-binding domain hi BstEli and Stu\ sites of CEE plus 
wild-type CEE); CafiN>C££.C££ (collagen-binding domain at /}aiRI1 and Ntlo^\ of CEE plus wild-type CEE); CBBA-CEE.CHE 
(collagcn.binding domain at fi.(/EII and AvrU of CEE plus wilO-rypc CEE); CAE (wild-iyi» CAE €nv)\ CBBv-CAE.CAR (col- 
lagen-binding domain at BsiEll of CAE plus wild-type CAE); CGBv^-CAE.CaE (Iwo contiguous colLgen-binding domains at 
BitZW of CAE plus wild-lype CAE). 
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Orxign and en^^ineerinji of thr cvltafivn-turgcied 
ony)h/iiniiii(' tnv pwttinx 

Kigurc 2 shcuvjs diagrammatical ly the rcLcpiow-bindinR dc>- 
m;iin of ihc 4070A Env surft*cc f.Sl/) pnntsin into which Ihc <:ut- 
lajjcn-hiftilin^ piilypepriilcs wtre iiKeneJ iflio cither a flrrf-II 
site hciwetn jrnino acids IS and 19 engineered by ptttni rnuu- 
lion of i)« CAEcovOf a site (encoding Ah-Ata-Oly) added 
hy ]>olymer*sechain resctinn (PCK) between amino acidi 6 and 
7 or' the mature CAE prcMcin to gerwnjie CAEB (fl-v/Ell) and 
CAEP ii*!tt\\ respectively. TMn<Jem <iyniheiic oligonuclcoiidcs 
las shown) were vixeU uj (jeneraie the respective cONA inscns. 
Sequence c;nc<MJin(j u Uw'xnt. vWF collugert'bindtng domuin. 
WRHPSFMALS. was insened into the jSj/ED ?ite (Fig. 3 A), 
and sequence encoding bovine (Bv) or human fHs) WREP- 
ORMEt.N vWF cutUgcn-binding domain wa* inserted into Ihc 
fst\ Nile (FiB. IBX The inserw were flanked by cither standard 
linkers fLS) or linkers modified to closely appn.»»inuiiii naiive 
vWK (LHj flanking sequences. After ligatiim. clone selection, 
and restriction analysis, Ihc strutture of each construct wac ver- 
iiwd hy DNA vet^uence iinaly*i.<i. 

Produr.tion of matrix-targeted retroviral vectors 

High-tiler vccrorv were gcnemted by « transient three- or four- 
pliLsmiJ LiitfiinsrectiOfi Hysuim (SonerdCA r/ u/., 1 W5). in which 
die packaging components ifog-poi. the chimeric cnv. and/or the 
wild- type (WT) amphotropic env expressed from the cy- 
tomegalovirus (CMV) promoier were pli*t:Bd On SAjiunic plas- 
mid>.. eiich contuining a itimian viruft 40 (.SV40) origin of repll- 
cation. 5imulUinei>u.< irttmdaction of theiie plasmids and a 
retroviral vector in 293T cell* expressing the SV40 T-aniigcn 
was followed by sodium tutyrate treatment, and harvest of retro- 
viral vector supematants. The vectors coe;ipressing chimeric and 
WT Bnv proteins were nanvcd CB-CAE.CAE And CS2- 
CARCAE, while the vectors eJiptessing prvteinJ other than WT 
Env were named CAEP/CBBvl, CAeP/CB8v2, CAEP/CBHs t, 
Ai\d CAEP/CBKit2 (CB-CAB. collagen-binding domain insened 
into the SsitW site: CB2-Ca£, two collagen'bioding domains 
inwncd into the fi^riED site; CAE, WT itmphotropiv tnv: 
CARP/CB, collagen-birding domain in^rted into the Psii site; 
Bv. bfjvine derived; Hft, huiruit vWF-derivtd; LP or 1. linkers 
derived from natural «WP sequences; LS or 2. standard linJccrs). 

Viral En^ protein expression and virion 
incorpormion aisays 

The level of expression of the mature gp7U"**' protein in cell 
lysatcs of WT CAE and chimeric eco- and amphotropic Env 
proieins hearing matrtx-iargeting (eoltagcn-binding) motifs w;i$ 
evaluated by Western analysis (Zho et ai.. 1998). For evalua- 
tion of virion inoirporatinn, the reiroviral supernatant wafi pu- 
rifted on a 20% tucro&e gradient, and the viral pellet was sub- 
jected to Western analysis with a rat monoclonal antibody, 
fi3A25, lo dcicci the wild-type and L-himeric Env proteinft, while 
anti-p.^0 antiserum dintcied against the retroviral Gag protein 
served as a «»ntrol (Zhu ct at., 1998). 

Viral liters 

Virjl liters were deicrmincd wnd quHntit'tetl iwi the basis of 
expression of ihc ^-gaUcuvtidaje repuricr gene (Skni^.ko ci al.. 
I'WJ). ftrieny. 2.5 x 10* NIH 'ST'S Cells were plated in ei«:h 
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well of six-well plates I day prior to transduction. Medium wus 
replaced with 1 ml of scriHl dilutions of virwl siipcrnatnni with 
Polybrcnc (8 itg/ml) for 2 hr. One milliliter (if rre«ih DIO w«j 
Hdded 1(1 the cultures, which were il^n maintained overnight m 
yTC ill f^%> CO2. Medium was repriced with I'resh DlO and 
cultures were maintained tor an additional 24 hr. Expression of 
^J.gjlactosidasc in the respective cultures was evaluated by 
5'bromo-4-thlor«-3-indt)lyl-/3-i>-galiitLopyrttnoside (X-G«l) 
staining 48 hr -4ricr tranNduciion of the NTH .ITS cell.s. As e«- 
pecied, the titl'ectious (iter* of both chimeric and WT CAE vec- 
tors ranged from 10* to tO' CFU/tTiL depending on the amount 
tif pla>imid DNA used in the transfection protocol. 

Coiia^en-bindina and transduction assays 

Coihxcn coating. In six* well cell culture plates. 500 ^l of 
3% collagen was appli^ with rocking to each well and the pl»rc 
was incubated at room lempcrtture for 2 hr in a tissue culture 
hiKid. The collagen dilution was aspirated and di.scarded, jnd 
the plates were allowed to dry for I min under IJV light-- Each 
well was then washed twice with copious amounts of 1 X phos- 
phate-buffered saline (PBS). 

Coiiaffen binding. After washing the coilagen-coated wells. 
I ml of the eApcrimental vector was then placed in each well 
and the wcUs were incubated at 37*^0 In 5% CO2 for 30 mtn. 
The vector was a^pirAied and di^utrded, itnd the wells were 
washed twice with PBS, prior to blocking with bovine wrum 
albumin (BSA) and incubation with 300 ^\ (hybridi>nia i;uper- 
natanl) of a ral monoclonal antibody (83A23) directed agaiiiKt 
the C terminus of the gp70 MuLV Env protein (HaJI tt at., 
1997) at ro»)m temperature for 1 hr. The wells were again 
washed twice with PBS, and then incubulcd in SCO of horse* 
rkdish penixidase (HRP>-COnjiigai^ gmi anii-rai IgG (diluted 
1 :2500; Zymed, South San Franciiico, CA) at rOOm temperature 
for 30 min. After washing, die we1].<i were incubated in 500 fjJ 
of rat peroxidase-anL-penuidase antibody (diluted 1:1000; 
Stcmbergef MonocJonals. Lutberville. MD) at room tempera- 
ture for 30 min and the intensity of the color reaction (blue) 
wu; read at OO^jo a Rainbow Spectra ELJ5A reader (Tecan 
US. Research Triangle Park. NC). 

Tratuduttion. NIH 3T3 cells (2.5 X 10^) in 2 ml of DIO with 
Pulybrcne (8 Mg/m)) were plated in each of the collagen- 
coated/virion'ireated wells, and the cell cultures were incubated 
at 37'C in 5% COi overnight. Cell culture medium was re- 
placed with fresh DIO and the cultures fuither incubutcd for an- 
other 24 hr. Subsequently, cellA were fixed and suiined for the 
presence of ^-galactosidase 4fl hr after tranMluction. 

Tfw rut cnrot'td injury model of vmcular restenosis 

Under general anesthesia (ketaminc. JO mg/kg: xyla2ine 
fRompunl, 5 uig/kg). in accordance with n protocol approved 
by the USC Institution Animal Care and U^e Ciimmittee 
(LACuC), a 2F tntimtut arterial emboleciomy catheter (Applied 
Medical Re.<iCKirces, Laguna Hills. CA) was used to denude the 
carotid artery endothelium of Wlsiar rats (weighu ranging from 
375 to 425 g) as previously described (2hu tt ui., 1997). The 
catheter was inserted into the Icfl CKicrnat carotid artery, which 
wii.s UgHied di^uilly. and passed inui the left common cartiiid 
urtery (l-CCA). The halU^tm was inflined to a volume equiva- 
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FIG. 24 Design and engmeerinK of the collsgen- [arreted amphotropic Env prottinx. <A) Schematic Uiaeram q{ ihe modincd en- 
velope slmciure and clonine strategy u.«ed lo insert the bovine vollagen-birtding decapeptide (WR£PSFMAtS) flanked by linker 
residues into the unique BxiEW site engineered by i single point niuunion within the N-tcrminal regiun of the CAE Env protein. 
The underlined rejiiducK corrupoAd to oli^unucleotldeA iis«d to generate the cDNA taun. (B) Schematic diugram of envelope 
structure itnd cloning strategy used to In&en the WREPSFMALS <Bv) or the WREPGRMELN {H$) collagen-binding deciipep- 
tide flanked by sundard (LS) or speciul tk!t'\gj\ (LP) linker residues into a unique f*stl site enijlnccred within the N-ienninai re* 
gion of the CAE Env procein. The underlined re^iiduci correspond lO oligonucteoUdeii u&ed lo generate the respeciive cONA in- 



lent to 7P on ti French scale curd, and passed three limcK along 
rhc length of the l,CCA, After ballcxm injury, the emboltx.-tomy 
cMihcier wax ivnmved and the internal canuid artery wat trun- 
liefttly ligalcd juM diisial tti the bifurcation. Thiny microliier.4 
of ciihera collagcn-iargeied (CAEP/CBBvI -LF) or nciniargeted 



(WT CAE) reuovlral wectiv bearing a nuclcar-targcicd ^'galac- 
losidase coniiiruct with protamine aulfiie (ft ^g/mi) wu.« insiilled 
iniu ihc left common curotld artery immediutcly after balloon 
cadieicr injury or 7 days after injury. Seven days after vector 
iDstillalion. the aninuLi were killed and ihc anerie? harvested 
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FIG. 3. (A) Expression of CSD-CAEP Ertv proteina in 293T ctlls. 293T cells were tranAffeoed with the fip*cificd Env protein 
expre«i!tiun pJumids (see Fig. 2>, lysed 48 hr later in 500 ^1 of lysis buffer for 10 min, and centriruged hi 10.000 X ^ lo pclJet 
nuclei. The cell lysaics were rewlved on a precast gradient (8 to lfi%) jel, unJ ihc processed SU subunit gpTO*^^'" proteins were 
deiccicd by Wtiierrt analytiii. using & specific goal antiserum. (Zhu fi o/., I (B> Stifle incorporaiion of CBD-CAEP Env 
protein* intft vinil particle*. Westeni iintilysiii using anti-gp70 and anii-p30 antiicra show/i incorporation of CBD-CAfiP Env pro- 
teins into viral panicle^, m« iOentifled by antibodies directed hgtdnsi the viral Env protein fragnwnu normalized to the p30 (j^d^O 
protein. (C and D) Tt\t confentd binding affinity of colingen-targcied vcctewA for collagen matricei. The comparative bintiing 
nffinidcs of vectors bearing WT tnv (CEE or CAE) vcrsui vectors displaying m«trix -targeting nw>tiPs arc inferred from the vary- 
ing degrecK to which EUSA weiis are darkened (C>. fcxpre6.sed «$ ODa«$o readings on a Rainbow Spectra ELISA reader (D>. 



for hcmatoxylin-eosin (H&£) and X-Cal tmlning for the pres- 
ence of nuclear ^-galactosidase. 

^'CalaLtOiiduse xtaining of rat carotid antrial 
xegments 

X-Oal solution waj; i're!>hly prepared an rollowit: t ml of 0.2 
M K^FeiCSk ■ 3HiO, I ml «f 0.2 Af K,Fe(CN)«. and 0.08 ml 
of I M MgCt^ were added to 1 X PBS lo a total volume ol 40 
ml. The solution w«.* incubated at J7*C for 30 min, and then 



mixed with 0.2 ml of pi«warmcd X*GaI sotulion (40 mg/nil). 
The harvested CCA was cut longitudinally, washed gently with 
1 X PBS to remove the blood, and fixed In 3 ml tif J0% 
formaldehyde for 1 hr at room tcinperature. The Mrtcry was then 
washed twice with 1 x PBS, placed in 2 mt of X-Cal staining 
solution, and incubated at 37'C Overnight with gentle shaking. 
The artery was then washed with I x PBS, rixed in 10% 
formaldehyde for IS min. embedded in uttn in paratrin bl(M:ks, 
und pn>ce»scd according to standard operaung proceduren 
(university pathologists, Depafiftient of Pathology, University 
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(tf Smiihcm California. l.i>s Aiiseies. CA). T)i,-*uc .vcclioni 
were u'nunicrxciinciJ with nuclcjr Jusi I'td or hcmiiimylin-cttsin 
stbin. 

A nuiiff nuiUAe model fif Uvt'f mtitastaxis 

A tUUll of 7 X \(^ Miapacj cells (undilTeu-Crtliated i^riCre- 
ma oncer cells) wen: injected thriHjj{h the portal vein Vr^ an 
indwdllir.g cuLhcOer which wiis kepi in for 12 du>i. An 
infu^iiiin rtf ^0(1 ^tl tit either a nortur^eted vector ( WT CAt) or 
a CGllagen-ur^eied aiiiphotropic retroviral vector (CA£P/ 
CBBvl LH) bearing a ^-galactiwidasc constrvci wys ndmints- 
ierc4 over .'^0 min starring on iSvys. 0. .1, 6, 9, und 12 m'ter lu- 
ini>r cell infusiun. The iiniin^K were killed on d^jf 14. aj^ die 

liver was harvested, tixed in 10% rormaldehydc or quickly 
frozen in liquid nitrogen, and i\^i\ic sections stained with hema- 
toxylin-cosin and X-Cal 5tain, 



RESULTS AND DISCUSSION 

The prototypical dcsijtn of the matrix-rargctcd MuLV en- 
velope protein involved the insertion of a bovine vWF-dcrived 
c«l|«Een-biftding dom»in (sec Fij;. I A) with itnitceic linkers 
((■tall tt al^ 1997) into m unique UstpM cloning sice (between 
amino acids 18 and 19) of the CEE*^ ecotropic Env protein to 
produce the £CB-C££ £nv. which is infectious with limiied 
iropism (I.e.. rodcnt-spccific). and which exhibits a gain-of- 
funclion phenoiype (i.e.. high-nfriniiy binding U) colUgcn ms- 
trtceK). T«-> extend vector cropi.>tni to human cells, we iniiiully 
employed a dual enveJo|« conftguration (ite Bg. I B) in which 
w wild-type amphoifopic £nv (CAE. 4070A> Is coexpressed 
«nd incorporated along with ECB-CEfi Env into retroviral par- 
liclex. To refine this design and eliminate stearic hindrances 
resutting from the large inoperative binding domain of the 
ECB-CEE Env, we developed tt series of targctable '"escort" 
proteins in which the entire receptor-binding dumiiin of the 
CEE*** Env. from the ir.i7ElI siie to one of several unique {AvrW, 
SiuU f*s(l. or Nf(ofAl) sites engineered into the proline-rich 
hinge region (Wu et al., 1998), was eliminated and replaced 
by ihe !;*.vll«Bcn-binding domain (see Pig. IB). When « wild- 
type CAE Env wuh CoexpresseJ with an Env cOn$Lrucf beur- 
iog a mytrix-uieeiing motif, ilte vectnrs arrayed in either the 
dual envelope crm figuration or (he escort configuration exhib- 
ited high collagen-binding aftlnity (Fig. IC and O) when com- 
pared with vectont bearing WTCEE or CAE env ji determined 
by a modined tiLlSA (Hall ei uf., 1997: Fig. ID), as well as 
amphotropic infectivlty. yielding wlld-type titers of 10^ 
CFU/ml In iiandard assays (Skoako efci.. l993). This is not 
surpri^inif !»ince many )ype$ of viruse!> s^tably expre^ dual en- 
velope configurations, such an hemagglutinin or di.stinct at- 
tachment glycoproteins, in addition to membrane fusion pro- 
irin». Hence, these compound configurations may be utilized 
in vector design lit confer auxiliury iiirgcting Kpeciftcilies. The 
e.«cort C()iitiguraiion.4. in piirticutar. may be suitable for iiijver- 
lion of large or bulky polypeptides, iuch as growth factors or 
.antibody-binding mo(lf», i.e., protein A Mguenccs (unpub- 
lished nbNcrvHiions), into rOmvinil vectors. 

Next, we engineered the iiuegral gain-of-ikurveillancB func- 
lii^n inio J .-{ingle omphoiropit envelope pnfitein. Diftti irdii.s- 



pv.>!iiion uF the mutrix-iHrgciing motifs from cciKiopic (TCR- 
err.) envelopes- \o « htimnKigtiim <\w (H'iifA\) engineered by 
pittni mui-jiion within ihe -jmphtiUt>pii: (CAP.) ^nr (Fi^. 2A) 
yielded vectors diat exhibited the collugen-bindmg phemuypc 
provided by the addition of one (CBHv) or two (CBBv^l (vtvine 
vWF-dcrivcd collagen-binding motifs (sec F\%. IC) bu( wene 
devoid ofinfcclivify when expressed as a single envelope. Ilius, 
the >injL-iuni{ t:(.m!>tniinis 91' the functionni amphotropic and 
tfcinroptc Env prowini; are disdnci. Examination of ihc amino 
acid residu£;« flankmg the Ctilluijen-hindtni; ilomuin of vWF (see 
Fig. I A) revealed a Pro-His "turn" cir "kink" (Pm Arg in hu 
man) C termiodl to the minuiul CBD. j peculiuriiy thai is d\so 
pTr:*zm dt amino acids 7 and 8 in die CAt tiiiv. Thererure. we 
entinocred a stnM,-iuniUy intvocoous /'.^-fl (Ala»Ala*Gly > cloning 
.site into d»e CAE tnv ai ihi.*; posiiior lo generate CAEP (see 
Hg. 2b >. into which a series of bovine or humun vWF-derivcd 
mairix*targeting motifs flanked by flexible, glycine-rich link- 
ers was inseited. As in the prototypical ECB-CEE design (Miill 
ef aL, 1997), a hisddlnc residue was included in die N-termi- 
nal linker to promote an external conformation of the collagen, 
binding dnimiin. As shown in Fig. 3A. each of the resulting en- 
velope protcin.s H reudily expressed in human 293'r pnoducer 
cells, is corrtcily processed, and is incorporated equally as well 
is the WT CAF- Env into retroviral particles (Fig. 3Bj. Each of 
the chimeric vectom bearing a collagen-binding motif exhibited 
significant collagen-binding affinity when comparect wiih vcc- 
rors bearing WT C££ or CA£ env ti^ deterriiined by 4 modi- 
fied ELISA (Hall */ 0/., 1997; Fig. 3C; p < 0.05). In contntst. 
the cotlagen-urgeted vectorN did not bind to plates coaled with 
fibronectin, elaiiin, or laminin, indicwiing their specificity for 
collagen (data not .shown). RemaritHhly. «nd most imponantly. 
each of the resulting retroviral vecir>rs remained infectious, 
yielding tilers approaching those of vecturs bearing WT CAE 
env (— lO' CFU/ml). As no major diMinctions in the collagen- 
binding affinities or infectious titers of die CAEP series of Env 
constructs were discerned beyond minor baicb-io-buich varia- 
tions, one bovine (CBBvl-LR and one human (CBHs2-LS) 
constnici were arbitrarily selected for further study of perfor- 
mance in vlifo and in vivo. 

As shown in Fig. 4B, the matrix -targeted amphotropic vec- 
tor (CBBvl-LF) bound to co)lagcn*coated plateA and remained 
infectious to nverl^d human cells, while the vectoi- bearing WT 
CAE env wa.<5 wa.a»6d away (Fii^. 4 A). The potential <iurveil- 
lance function of diese mauix-iargetcd vectors was confirmed 
in vivo, using a rai carotid injury mtidcl described previously 
(2hu a at.. 1997). On iniraancrial insiillailon of the 
CA£P/C6Bvl-f matrix. targeted vector immediately after bal- 
loon injury. Increased transduction in focul ureas of the treated 
anerial segment (up 10 10%: n ~ 2: Fig. 5C and E) wn^ ob- 
served when compared with animats treated with the noniar- 
geted vector (<l%; Fig. 58 and D). An even greater increase 
in transduction efficieiKy was observed when ihc matrlx-tar- 
i;eted vector was given 7 day?* after balloon injury (Pig, 6). His- 
tological evaluation of ihe tntnifdttccd arteries confirmed thui 
ihe matrix-targeted vector enhanced the intnsduction of prolif- 
erative ncointimal cells up to 20% in focal area within the 
ireiiied arterial ."ie^tment (Fig. 6C and D: n = 2) comptired with 
< 1% when using a vector with WT CAE env (Fig. ftA and H; 
n • 2). Taken together, these findings cmphasixe ibe thera- 
p^'uiic potential of deploying matrix -largctctl Kircwiral vectors 
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for vascular rtsitAOSii. us wtW as cortwutfy *ntl ptripheral artery 
diiicascs. 

Since rumor invasion, as well as angiogefiesis and «tfoma 
Formiinon. evoke a remodeling of exiracellular matrix com- 
pftntia Hnd e^poiturc of coJI&gen (StromblAd and Cheresh, 
1 Wfi). we advanced the hypothesis that retroviral vectors bcar- 
in| an auxiliary niatrix-tai^Ling motif (i.e., collHgen-btnding 
polypeptide*^ would elrfcctiveiy concfcrtti-att n Aites of newly 



ejiptjsed ttoHagcn m the vicinity of metastatic target cclW. To 
a5S««$ the perfOTTAance of these matrix-targeted vectors a$ tu- 
mor surveillance nij^cnts, a nude mouse model of liver inetayta- 
<tts was established by inru:jioii of ? X lO' pancreatic ctmccr 
celts iiiEo the portal vein vi« an indwelline catheter, which «m 
kept in place for 14 days. Vector infusions consisting of 2nr> 
^l/d»y of cither the targeted or nonurgetctl reiroviral vector 
bearing A nuclcur- targeted ^-xat&aosldise marker gene (each 





FIG. 5. Enhanced iransduction efTiciency of a mairit-tarKeied amphotmpic retro- 
viral vector in a rar ciirodd injury model of vascular restenosis The ex[>eriinental 
.Hpimals were subjected to balloon caihetfr injury foMuwcct immediately by instil* 
laiion of 30 /il of vector (titer. 3 X 10^ CFUymt) in the left common carotid artery 
(LCCA) cm day 0. The subjects were killed on day 7. 7 days after the vector treat- 
mcnt. <\) Nontransduced LCCA; (B) l/XtA transduced wiih ihc noniartiycd vec- 
tor bearing u wtld-iyptf amphLRropic CAE env; note the diffusely wcalc X-Cial stain* 
ing ihroughout the LCCA: (C) LCCA traniduced with a mairix-wrgeied vector (CAEP/CBBvl -KF). Nuu: the intensely blue X-Cml 
stainmft of the LCCA. which rcpre%enis ih« injunjd/iransduccd rcfilon (arrows)- (D) ancrial segment from (B) in paraffin block, 
shtiwinii M tew /3 - g» la clos id ase- positive cells (blue dots: original nidgnirication. 5<20O: (K) arterial segment from (C) in pafaftin 
hlOCk. showing ^•galaClOAidase-fcJipreNsiiig tells (blue dins; itrigintil muynintalion, X20()). 
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FIG. 6. Enhanced transduction efticicncy of mairii-uirgcted amphoLropic fetrovirul vectors in ^ r&t c^irotid injury model of vas- 
cular rcstenofitii. The experiniftnul animals were subjected to bnUoon caih6i£r injury on d^y 0. Oft dny 7. 30 /il of vector (liter. 
2 X 10^ CRJ/ml) waA instilled into the LCCA. The animaJs were Id lied 7 days arier vector trcAimcnt (day U), ind Oie harve&ted 
LCCAs stained with X-GaJ fitain. (A) LCCA irun»duced «idi the nontargetod vector beariag a wild-iypc atnptiotroplc CAE «nv; 
note the diffuseJy weak X-Gal ttaiAing throughout the LCCA: (B) hit>lu)oeical «6ction of (A), showing h few /J-galactosidase- 
posiilvc neoiiitimni cells with bluc-Maiaing nuclei (original niajfri^cation, x200): (O LCCA iramuluccd with « matrix-targeted 
vector <CAE?/CBSvl-LF). Note the inteniely blue X-OaJ staining of the LCCA, which repre«cnt5 the injurcd/tran.<iduccd region. 
(0) Histological section of (C), showing the ^-galactosidase-positive neointimal cell* (original magnification, X200). 




FIG. 7. Matrix -targeted retroviral vecliirs deployed in pursuit 
of itieLu.siatic cancer. Tninfduction of a tunnor nctdule in a nude 
mnu.^ model of tivcr meta.stasi!f. ^•Giilucto'ildase-piiiiiilvc tu- 
mor celU (colli with hliiC'Sttiining nuclei) are shnwn within j 
meiasmiic tumor tu'idutcm jim.<A)X-Oal suin plui H&.nsihin; 
(111 higher magnilkaiion of (A); (C) X-Cal slain pluw smooth 
mu.icle uciin stain; (O) higher magnificaiiotr uf (C). Orifjiin-iil 
tnagnification; (A lind C) x40: (0 and D) X'lOtJ, 
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vccior iricr I X lO' CFU/niJ) were (jivcn ji ."^-day intervals for 
H i(tt:il of I'lvc iiiiL.sittiiH. and ihe mice were kilkxl 2 days jfier 
coin[ik-tiitit or \\m vector iiUusioni. Hi^iApatholafiic exuniinu- 
iit'iht livifs riniii control animals rcvcalcH ahunjiini tumor 
Toct with iiifertddiu areas c<r angioficncsi-^ «n<J ^trtrmi fiinnaciori. 
A5 in Kig. 7. wc observed fnciil ureas nr trin<uluction of 
ivimnr lcIIs vivf> wilhin ihc meijstaiic lumor foci (1-3%; n — 
fi), Hs, eviHsriiJKti hy tht presfiitce ftf /a-^ulaClCvsi<la«c-positive tu- 
niiM- cells «:t\\% wiih hlue-:(taintnf» nuclei). In contrant, no de> 
fiiiittvc trun^uction wa^ ob:(crvcd in mei^tstatic le^inn^ in mice 
^rclUl^^l wiih nopT:iri;cicd vccriip*. rnir wus irdnsducUon observed 
in the tivcr parenchyma iwelf. Coiwiderirtg rhe overall mms <>f 
the liver and ihe physiological dilution I'actors tind surl'iice iir- 
tus introduced by intravascular injection, these findings reprc- 
seni a considerable sdvanccnKnt in the r««jiiisiie technology for 
deploying targeted injeciHhIc reinivirHl veuiors in pursuit of 
metastittic catKcr. 

AlihiHiijH several crediivc Ayslem.s for targeting retroviral 
vcttnrs have been tlftKigncd (Cosset and RusselJ. ) 996; Pent ef 
aL, 19971. liCM targeting rcinatn^i among the most promising 
approache> developed lo date (Anderson, I^S). In one appli- 
cation utiliung fibronccttn. which is prevent in nonnal ECM. 
enhanced retrovirat trHnutuciiun <ir heimjuipiiieiic cells has been 
achieved (Morii/. *7 aL. 1996), and it babied on the observation 
that reirovirufiejs can bind nonspecific ally to fibroncctin and thuH 
be colocalized with target celts. However, this approach can- 
not be tiscd for in vivo targcline. In conirmti, urgeting of retro- 
viral vectors by incorpomiion of k surveillance function of von 
WillcbrunJ faL'tor (i.e., a hiyh affinity for collagen) represents 
a mjjnr step [Owiird the development of a targeted injectable 
vector fi'M- intravascular gene delivery (Salmotu and Cunzburg, 
1993: Anderju^n. 1998). The potential clinical Dtility of thi» ex- 
tracellular matrix'targeting strategy extends well beyunU he- 
mostasis and vascular Injury (i.e.. restenosis arid i$chennia) to a 
number of LlinicHl Miuuiions in which ECM (i.e., collagen) is 
charm:ienfitically exposed, including laser and other surgical 
procedures, orthopedic injvrias, woumS healing. Arthrifis. in- 
flAmmatory c)isea.<w. and nwtastaric cancer. In coiKlusion, ihc 
pnwcni ,<tudy extends the concept to £CM urgeiing from 
ecotropii; (o Hmphitiropic vectors und. thus, the potential appti- 
cmiimh i}( the?ie lurgctcd injectable reimviral vectors for hunun 
gtme therapy. 
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Development of a hypoxia-responsive vector for tumor- 
specific gene therapy 

T Shibntn, AJ Giaccia and JM Brown 
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We are developing new gene therapy vectors whose 
expression is selecttvely activated by hypoxia, a unique fea- 
ture of human solid tumors. As vascular endothelial growth 
factor (VEGF) is upregulated by hypoxia, such regulatory 
mechanisms would enable us to achieve hypoxia-inducible 
expression of therapeutic genes. Constnjcts with five copies 
of hypoxia-rasponslve elements (HREs) derived from the 5'- 
untranslated region (UTR) of the human VEGF showed 
excellent transcriptional activaUon atbw oxygen tension rel- 
evant to tumor hypoxia. In an attempt to achieve higher 
responsiveness, vahous combinations of HREa and pro- 
moters were examined. In addition, we also investigated 



whether the 3' UTR of the VEGF gene would confer 
increased post-transaiptional mRNA stability under hypoxic 
conditions. However, despite Increases In the 
hypoxic/aerobic ratio ofludferase activity, gene expression 
with 3" UTR was lower due to mRNA destabillzation by AU- 
rlch elements (AREs). Thus, we found no benefit from the 
inclusion of the 3' UTR in our vectors. Of all the vectors 
tested, the combination of SHRE and a CMV minimal pro- 
moter exhibited hypoxia responsiveness (over 500- fold) to 
the similar level to the intact CMV promoter. Wa propose 
that this vector would be useful for tumor selective gene 
therapy. Gene Therapy (200Q) 7, 493-498. 



Keywords: tumor hypoxia; hypoxia-responsive element; hypoxia-inducible factor-1; gene therapy, vascular endothelial 
growth factor 



introductiof] 

A fundamental problem for cancer gene theropy is the 
lack of a tumor-selective delivery system. One n^iproRCh 
to overcnnie this, at least in pnrt, is to develop tumnr 
specific gene expression. At present, preclinical studies 
are underwciy to investigate the utility of tumor- or 
tissu(j-specific promoters such as prostate-specific antigen 
promoters for prostate cancers/ carcinoembryonic anti- 
gen promoters for colorectal cancers,' and erbB2 pro- 
moters for breast cancers.-^ Recent studies have also 
explored the potential of exploiting tumor hypoxia as a 
gene therapy target.*"' 

Hypoxia, a unique feature of human solid tumors/ has 
been considered to be o major factor in the resistance of 
cancers to radiotherapy and chemotherapy. Recent clini- 
cal studies using oxygen electrodes have provided com- 
pelling evidence that human tumors contain regioi\s at 
low oxygen partial pressure, and dwt the more hypoxic 
tumors have a poor prognosis after h«ahT\ent.^" Besides 
these effects on treatment outcome, hypoxia is a potent 
signal inducing the expression of a number of genes 
including erythropoietin (Epo), VBGP, and various glyco- 
lytic en2ymes."''* Hypoxia responsible elements (HREs) 
have been reported in the 3' flanking region of the human 
and mouse Epo genes, and a hypoxia-inducible factor 1 
(HlF-1) has been shown to bind to the consensus 
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sequence in the Epo HRE.'"-'* Similar i-IIF-1 binding 
sequences have been found in the 5' flanking region of 
other hypoxia inducible genes including VEGl'." Such 
regulatory mechanisms fur hypoxia responsive gene 
expression could provide a means for tumor-sped tic 
therapeutic approaclies. Dachs ct n/" have demonstrated 
that heterologous gene expression driven by HREs from 
the mouse phosphoglycerate kinase-'l (PGIC-1) gene 
could be activated in hypoxic tumor cells. We have pre- 
viously shown that o vector with five copies of HRE and 
a Elb mUilmal promoter exhibited a 40- to SO-fold 
increase in gene expression under hypoxia when traivsi- 
ently transacted into human timior cells.' However, 
despite Its robust re.spoasivene.ss under hypoxia, the 
amount of hicifcra.se activity /or this vector was consider- 
ably smaller than that produced by a CMV promoter vec- 
tor, and may be insufficient to achieve gone expression 
for genetically directed enzyme prodrug therapy 
(GDEPT). We have therefore carried out further studies 
with the goal of establishing hypoxia-inducible vectors 
with higher expression of therapeutic genes. 

In addition to transcriptional activation via HIF-1 bind- 
ing to HREs, post-transcriptional regulation of the VEGF 
mRNA stability may be an important factor for up-regu- 
lation of VEGF expression under hypoxia. Recent studies 
in an in vitro RNA degradation assay revealed that .wme 
genetic elements for mRNA stability ore located in the 3' 
UTR." ^ The VEGF 3' UTR contains a cluster of AU-rich 
elements (ARE) including the AULfUA pcntamer and the 
UL/AUUUAL/U nonnmer, as do many labile mRNAs 
encoding lymphokines, cytokines, transcriptional factors^ 
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and proto-oncogenes.""*' Five hypoxia-inducible RNA 
protdn-bindirg sites have been IdenHBed in hunvin and 
rat genes tl"iat might regulate mRNA stability under 
hypoxia.^' However, Uw usefulness of such post-tran- 
scriptional inechAnisms in hypoxia-indiKible vectors is 
not dear. Levy et aP^ report«i that transfer of the rat 
VEGF 3' UTR to a heterologous gene does not confer 
hypoxia-inducible mRNA stability on the heterologous 
transcript However, Damert et have published that 
a reporter vector with the 3' UTR of the mouse VEGF 
gene produced a marked increase in g-galactosidase 
activity within experimental gliomas, suggesting that an 
increase ii\ mRNA stability may contribute to VEGF 
induction under hypoxic conditions. Such different regu- 
latory mechanisms may provide the potential of 
exploiting tumor hypoxia for targeted gene expression. 

To characterize further the transcripdonal activation 
capacity of HREs from human VEGF under hypoxic 
conditions, we examined the aerobic and hypoxic 
responsiveness of ludferase reporter genes as a function 
of oxygen concentratioa We also examined whether 
post-ttanscriptional mRNA stabilization by VEGF 3' UTR 
could improve hypoxia indudbility. In order to increase 
the hypoxia inducible level of gene expression, we tested 
various constructs to detennine the most optimal combi- 
lotion of HREs and several promoter elements. We 
found that a construct composed of 5HRE ligated to a 
human CMV minimal promoter increased gene 
expression overSOO-fold in response to hypoxia, reaching 
levels comparable to that obtained by the full length 
CMV IE promoter. This vector, therefore, may be useful 
in an appropriate vehicle to obtain tumor-specific gene 
expression by exploiting tumor hypoxia. 

Results 

Oxygen dependent InducJtxIity of a hypoxia-Inducible 
vector with 5HRE 

In our previous shidy^ a 5HRE/VEGF/Elb vector 
showed a significant increase in luciferase expression in 
transient transfected human tumors after 6 h of hypoxic 
exposure. Because human himors contain cells at various 
oxygen concentrations, we measured transcriptional 
induction of our 5HRE reporter gene as a function of oxy* 
gen concentration. HT1080 cells were bransfected wi&i 
5 ng of vector DNA per 5 x 10* cells, exposed to various 
oxygen concentrations between 21% and 0.02% for 6h, 
and assayed for ludferase activity. As shown in tlie 
Figure 1, a significant increase in luciferase activity was 
detected below 2% oxygen and continued to increase as 
oxygen levels decrease, as reported earlier.^* For tiie 
5HRE/VECF/Elb vector, a 40- to SO-fold increase was 
observed after 6h hypoxic treatment at 0.02% Oi. These 
data suggested that hypoxia mediated hranscriptional 
activation could be achieved under oxygen levels 
relevant to those in human solid tumors. 

Effects of copy number of HREs on hypoxia inducible 
gene expresston 

We next examined the effect of increasing HRE copy 
number of HREs on ttie hypoxia inducibility of the 
luciferase reporter gene. A sedss of the reporter vectors 
with three to 10 copies of HRE ligated to the SV40 pro- 
moter denved from the pGL3 vector or the Elb minimal 




Oxygen concentrations {%) 



Fisttre 1 77i# tucifemse activih/ ofn SHREIVECf/Elb wtor muter aerv- 
bk ftitd hifpoxic condiHotts as a function of oxy^ coi;c<rfifra//on. HT1080 
cells twre transfccted tt»7/i vector DNA (SugperSxlCfl ceits), the eetis 
lurrr divided into tlie gUtes culturr disites, ntlowed to recover for 36 It after 
Iratisfecfion under aerobic cosidilians, exposed to variotts oxygeii conctn- 
tmtious for 6 and nssaijed far luciferase activity. Vic liKi^rase actitHliea 
tverc minmlised to that under aervbic conditions. TJic error f«« in all 
flK Figures siiow tlie standard devintmt (s4.) o/" at Imt four indt- 
pauient samples. 



promoter were -generated as depicted in the Rgure 2, For 
all the pGL3 vector conshnacts with HREs, significant 
increases in ludferase activity were observed after 6 h of 
hypoxic tre&tment at 0.02% Oz. Tiie hypoxic/ aerobic 
ratios ranged about 20-60-fold and increased with the 
numbers of HREs. However, a saturation effect was 
observed for vectors with more than five copies of HREs. 

We also compared the hypoxia responsiveness of con- 
strvicts with five and 10 copies of HREs in a series of 
reporter genes with an Elb minimal promoter. The 
hypoxic/aerobic ratios for both vectors were about 40 
and 60 at 0.2 and 0.02% Oj, respectively. Thus, five copies 
of HREs ligated to either basal promoter results in 
maximal hypoxia inducible expression. 

The effect of the VEGF S UTR on reporter gene 
inducibility 

Recent studies have suggested that VEGF mRNA could 
be stabilized post-transcriptlonally under hypoxia 
through its 3' UTR sequences."''*^^* Thus, the VEGF 3' 
UTR could potentifilly enhance hypoxia responsiveness 
of HRE regulated gene cons tracts by increasing mRNA 
stability. To obtain 3' UTR sequences, HT1080 cells were 
treated under hypoxia for 24 h, total RNAs was isolated, 
and RT-PCR was performed as described in Materials 
and methods. As U kb of the 3' UTR fragment from this 
study encompasses all five hypoxia-inducible RNA pro- 
tein binding sites reported by Levy el nl^ we ligated this 
fragment to the pGL3 and 5HRE/VEGF/Elb vectors as 
shown in Figure 3. 

HT1080 cells were transfected with the pGL3 and 
5HRE/VEGF/Elb vectors with or without 1.5 kb of the 
3' UTR, allowed to recover for 36 h after transfectlon, 
exposed to 0.02% Oi for 6-18 h, and assayed for ludferase 
activity. Significant increases in lucifo^se activity were 
detected after hypoxic treatment for the pGL3-3' UTR 
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Figure 2 Effect of HRK rft)»fji,'ir tm hyjmia iti^nmitvudts for \iGl3 /mi- 
nwtw vixivrs mid Elb mmtml pnmwttr iwfofS. HTtnsO ceUs trans- 
fecial with iww tUvideti into Dtc gldss culture flilonvil tv 

rvcoTxrfor 36 h, aihl tnvti'd umkr ht/f)Qxia (0.02% 0;J for 6 It. M D/rt- 
Hmni of pC/J prviituter veaors witit niultimers of HREs aiuf n M8 lifi of 
VECF 5' UTR frttgimit. (I)) The tucifemsi; aclivilji of /C/J imtauiter 
vector series. Each column refircsaits reialive activity (ntean mul s.(t.i to 
that for })CI3 vectnr initier nerobic cottditioii and ht/paxic/iurobic mtio 
are indicated, (c) Diagram vf Elli minimal pmmuter vector series, (d) Ttte 
h[/]ioxic/aenbic mlios are shown for 5- and lOHHEfVECFfElb vectors at 
0.2 and 0j02% O,. 



vector in comparison with its aerobic control^ wliile sig- 
nificant decreases were observed after 16 h hypoxiEi for 
the pCL3 vector. Although the addition of the 3' UTR 
resulted in nnodcrntc increases (Infold) in the 
hypoxic/aerobic ratios, the actual amount of luciferase 
activity for the pGL3-3' UTR were smaller than that for 
the pCL3 vector. 

Similarly, the hypoxic/aerobic ratios of approximately 
200-fold that were obtained with the 3' UTR for the 
5HRE/VEGF/Elb series were mainly due to reduced 
luciferase activity under aerobic conditions. In fact, the 
actual amount of expression of reporter genes with 3' 
UTR was smaller than reporter genes without the 3' UTR 
under hypoxia. Tlius, the 3' UTR of the human VEGF 
gene produced both a marked destabtlizntion under 
aerobic conditions and increased stability under hypuxin. 
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F/jfff« 3 Effect of tlic VECpy UTR an nenibk and hfitoxic MfMrn^ivc- 
»css. (n) DkismmofiiCU and SilREfVECFfElb vators with or xviiliout 
15kbof the VECF J' UTR. (b) Vte imferose ttctivily for ^CU aiui 
jjCI-W L/TK vcctOTH. After tninsfixtiuns of vectors, hTTlOSO oHla tpcrr 
treated ntuier In/jmic anuUtium far 6~i8 li. Each column itliow relative 
activity (nmn ami sJ.) to tltal for /iGU under uerobic condilious, (c) Tlie 
luciferttse itcth/tty fin- smEiVECFfBtb ami SHRE/VECFIEUt-y UTK 
vectors. Each colwnn sltows relative activity (mean ami hA) to that for 
SHREfVECFjElb under aetvliic conditiaui. 



Use of the CMV minimal promoter combined with HREs 
Although the 5HRE exliibited robust responsiveness 
under hypoxia, the ach.ial amount of luciferase activity 
for the 5HRE/VEGF/Elb vector was about ll)0-fo!d 
lower than that for a CMV IE promoter-driven vector. As 
a reporter gene, the 5HRE/VEGF/Elb vector posseased 
low background activity in air and high responsiveness 
under hypoxia. However, even with nwximum induction 
by hypoxia^ it is unclear whether this would be efffK!tlve 
in CDEPT because anti-tumor effects will likely depend 
critically on the actual amount of tlie prodrug activating 
enzyme. We therefore examined other coastructs with the 
goal of adiieving higher alssolute expres.'rfon levels under 
hypoxia. Two such comtructs were derived from tlie 
luiman EF-1 alpha promoter, one of the sh-ongest mam- 
malian promoters, and a 60 bp minimal promoter con- 
taii\ing a TATA sequence derived from the human CMV 
IE promoter. 

As shown in Figure 4, there was undetectable hypoxic 
induction with the 5H RE/ EF-1 alpha vector. In fact, after 
18 h hypoxic treatment at 0.02% (X, luciferase activity 
was markedly reduced. However, with the 
5HRE/hCMVmp vector, we could detect more than a 
500-fold biduction by 18 h hypoxia at 0.02% O^. Both 
absolute levels of gene expression weve high (about OA 
of CMV l/E), and basal activity was slightly above back- 
ground empty vector levels (less tl\an 0.001 of CMV 1/E). 
Also shown (Figure 4c) is the oxygen dopeiHlencc for 
induction by this vector. The data show n similar oxygen 
dependence for inducibillty as the 5HRE/VEGF/Elb 
construct but with a larger dynamic range. Thus, among 
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Figure 4 Coaiparison ofSHRE with different promoter ektttcitts, (a) D'ln- 
gmin of various cotnbimtion oftlie HREs and pmimten, (b) Cotnparimi 
of tlx hypojdn iitdiidbfUty for eadt vector. Tlte tudfmae activities we 
simat as rdotivt values (iiican atui s/i.) to fiial for CMV IE vector under 
nerobic conditions. Hypoxicftttrobic mlios art also indicated, (c) The 
ludfemse acttvily of tlx 5IIRE)fiCMVinp vector as a function of oxygen 
concenlmlion. The ptoceittms wen the sana m described in Figure 1. 



• all die constructs tested, the 5HRE/hCMVmp nppears to 
be tlie most promising vector tluit could be utilized in 
hypbxia-ii\ducible gene therapy. 

Discussion 

We and others liave proposed that the lower level of oxy- 
genation found in solid tumors compared with normal 
tissues may represent a means to target gene expression 
selectively to tumors.'-^ However, to date, there have 
been no reports of successful implementadon of this 
strategy. Possible reasons include the need for levels of 
hypoxia /aiioxia that are lower than those occurring in 
tumors, and /or inadequate specificity or potency of the 
vectors and therapeutic genes used. We have addressed 
these specific questions in the present studies. 

Our results on the oxygen dependency of gene Induc- 
tion (Figure 1) suggest that the 5HRE-derived constructs 
give maximum gene expression ir\ the human tumor cells 
at an oxygen concentration of 0.2% (1.5 mmHg) and half- 



maximum activity at 1% oxygen concentration (5- 
7 mn\Hg). This finding Is slmHar to that reported earlier 
for HlF-1 DNA-binding activity in HeLa cells, where a 
maximum response was obtained at 05% oxygen and a 
half-maximum at about 1.5% oxygen." In several clinical 
series the average median pOj for cnrdnomas of the breast, 
head and neck, and cervix are 10-15 mmHg, with most 
tumore having an;as with pOt values <5mmHg.'"" 
Further, we have recently shown thiit trar^planted 
tumors in mice have even lower levels of oxygenation 
with average median values of 1-3 nui\Hg.** Thus, the 
activation of hypoxia-responsive genes acting through 
HIF-1 biitding to HREs is in the ideal range for selective 
gene expression in human and experimental himors. 

The second question as to selectivity and potency deals 
with both relative and absolute expression imder 
hypoxia. An earlier study of Dachs et a/* using mouse 
PGIC TK, and 9-27 promoters with HREs driving a cyto- 
sine deaminase gene in stably trai\sfected cells reported 
a 5.4-fold sensitization to S-FC after 16 h hypoxia. Using 
a luciferase reporter assay foUovnng trmisient transfec- 
tion we reported 40- to SO-fold increases In hypoxia 
induction with a construct containliig five copies of a 35- 
bp fragment derived from the VEGF HRE and a 32-bp 
frag^ient of the Elb minimal promoter sequence.' How- 
ever, maximum expression by this constntct was some 
100-fold lower than that achieved with a strong, consti- 
turtve promoter such as the cyton^egalovirus (CMV) 
immediate/early promoter. In the present investigation 
we sought to increase both the specificity (relative 
hypoxia /aerobic .expression) as well as the potency 
(absolute expression under hypoxia) of the hypoxia- 
resporvsLve vector. 

Our first attempt was to use the fact that Increased 
post-trnnscriptional stability of mRNA plays an 
important rule in bicreased VEGF expression under 
hypoxic conditions. Several authors have reported that 
the half-life of VEGF mRNA ts increased 2.5- to eight- 
fold in response to hypoxia ."^^^ Damert ct ai^^ reported 
that stably transfected cells with UcZ reporter genes that 
possessed 3' UTR sequences of the mouse VEGF gene 
showed positive staining for beta-galoctosidase in die 
perinecrotic areas in transplanted tumors, suggesting that 
these sequences provide incre.nsed stability under 
hypoxia. Also a recent study by Claffey et dP showed 
that chimeric reporters containing VEGF 3' UTR 
sequences between the luciferase coding sequence and 
the polyadenylation site were significantiy increased by 
12 h hypoxic inaibation. Levy et aP^ identified five poten- 
tial hypoxia-inducible protein binding sites by RNA elec- 
tromcbility shift assay in the human and rat 3' UTR, pro- 
viding a regulatory . mechanism for mRNA stability. 
However, contrary to previous reports, we found that 
imder hypoxia the luciferase expression wid\ 3' UTR was 
lower than that without these sequences uiider hypoxia 
even though the hypoxic /aerobic ratio was significantly 
increased with the 3' UTR sequences. The reason for this 
is suggested by tl\e fact that the VEGF 3' UTR contains 
a cluster of Ali repeats similar to that in many labile and 
rapid hjmover mRNAs including those of cytokines, 
transcription factors and proto-oncogenes. Insertion of 
AREs from the 3' UTR of granulocyte-macrophage col- 
ony-stimulating factor or c-fos I^ been also shown to 
destabilize a normally stable globin mRNA."-^ Thus, we 
believe ti\at tiie addition of the 3' UTR from VEGF acted 
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to destabilize die message under a*irobic conditions, and 
this wns partially levei-sed under hypoxia by putative 
hypoxia-induced RNA binding proteins. The result of 
this is thnt there was no advantage to adding the 3' UTR 
to the reporter coiaslruct. 

As noted at»ove, the amount of gene expression with 
5HRE/ VEGF/Elb Iwd an excellent hypoxia/aerobic ratio 
of approximately 100. However, the absolute levels of 
expression even witli prolonged hypoxia were still 
approxunately 100-/oJd lower than with a CM V-d riven 
vector. Tlierefore, we tested the lughly potent human EF- 
1 alpha promoter with 5HRE, but Although this plasmid 
construct produced high levels of aerobic expression, 
there was no hypoxia inducibility. (Figure 4). When we 
replaced the Elb minimal promoter with a minimal 
sequence of the CMV IE promoter, we found an increased 
expression of over 500-fold by an 18 h hypoxia treatment. 
Importantly, this 5HRE/hCMVmp construct produced a 
level of expression that was almost equivalent to that pro- 
duced by the fuU-length CMV IE promoter (Figure 4). 
Similar minimal promoters derived from the CMV pro- 
moter have been uaed with mul timers of teti*acycline- 
responsive operators originally reported by Gossen ut nP 
and more than a 1000-fold induction of reporter gene 
expression has been achieved by addition of doxycycline 
for 24 h.-^ CMV minimal promoters were also activated 
to a significantly higher degree than a thymidiiie kinase 
n^nimal promoter. Tlius, the choice of nunimal pro- 
moters seems to be important, and the use of a CMV 
minimal promoter may be the best for transcriptional 
targeting strategies. 

The present study provides a significant advance in 
hypoxia-selective gene expression tliaii presently avail- 
able. We believe tliat such constivcts can be used to drive 
tlierapeutic genes s^lch as eiuymes that can metaboHze 
nontoxic prodrugs into toxic drugs. The selective 
expression of diese enzymes in the tumors will, therefore, 
allow tumor specific activation of Uiese toxic drugs by 
the poorly oxygenated regions of solid tumors. In vivo 
e.xperiments to test this concept are ajrrently under way. 

Materials and methods 

Cell culture and hypoxic treatment 
HT1080 cells were obtained from the American Type Cul- 
hire Collection, Rockville, MD, USA and cultured in 
alpha-MEM with 10% FCS in a weil-humidified inaibator 
with 5% COi at 37"C. For transient transfection experi- 
ments, 5 X IC exponentially growing cells were plated on 
a six-well culture dish overnight as described pre- 
viously.' Hypoxic conditions were achieved using pre- 
war med aluminum hypoxic chambers-^^ by evacuation 
and gassing with 95% Ni/5% COj, and tlien the tightly 
sealed chambers were incubated at 37*C for 6-18 h. The 
oxygen concent ratioas were controlled to be the desired 
levels from 2% to 0.02% as described previously." 

Plasmid construction, transfection and reporter assay 
The methods for construction of a 5HRE/ VEGF/Elb 
vector and preparation of the multimers of HREs were 
previously described.^ Schematic diagrams for each 
construct are shown in each Figure. To search for an 
optimal construction uf a vector having large hypoxia 
inducibility, we generated a series of luciferase reporter 



plasmids by combination.*? of the fuIUiwiug gene frag- 
ments into the pGL3 vector (Promega, Madison, WI, 
USA): the 385 bp fragment of the VEGF gene derived 
from the 5' flanking i-egion at position -1175 to -790 from 
the transcription start site^' and the multiple copies of a 
HlF-1 consensus sequence of the human VEGF gene.'-'' 
To make a 5HRE/EF-la vector, an EcoRl-XUol fragment 
fi-om a pEF/myc/cyto vector (Invitrogen, Carlsbad, CA, 
USA) was cloned into a pcDNA3 vector (Invitrogen) cncl 
a liuman EF-la promoter prepared as a Bn»iJ-il~NLvl frag- 
ment was inserted into a B^/II-NcoI site of the 
5HRE/pCL3 vector. A synthetic fragment consisted of a 
human cytomegalovirus mimmal promotci* (hCMVmp) 
and linker sequet^ces was also itiserted at a Bgtll-Hiudlll 
site of 5HRE/pGL3 for making a 5HRE/hCMVmp vec- 
tor. The hCMVmp using in this study encompasses the 
sequence between -53 and +7 of the original promoter 
sequence reported previously.'* 

To examine the effects on hypoxia responsiveness via 
a putative mRNA stability mechanism, we added a frag- 
ment from the 3' UTR of the human VEGF gene behind 
the luciferase gene. The 1.5 kb of 3' UTR were obtained 
by RT-PCR.*" Total RNA of HT1080 cells after 24 h 
hypoxic treatment were extracted by RNeasy kit (Qiagen, 
Santa Clarita, CA, USA) and the first-^Jtrjind templates 
were prepared by Superscript reverse transcription sys- 
tem (Gibco DRL, Rockville, MD, USA}. PCR wan perfor- 
med using Elongase enzyme mixture (Gibco DRL) with 
the following paired primers: 5'-CGCTCTAGATAGACA- 
CACCCACCCACATA-3' and S'-GAGAGCTAGCCT 
ACGGAATATCTCGAAAAACTGCAC-3'. The PCR con- 
ditions were 94°C, 1 min; SZ'C, 1 min; eS^C, 2 min; for 35 
cycles. The fragment were inserted at Xbal site of pGL3 
and 5HRE/VEGF/Elb vectors. 

For transient transfection assays, these tfist plasmids 
and the control pRL-CMV plasmid were cotransfected 
into tumor cells with the Siiperfect reagent (Qiagcn) fol- 
lowed by incubation for 3h. The culture dislies were 
washed with PBS twice and fresh growth media added. 
At 36 h after transfection, tlie cells were tr/psini^ed and 
plated into tlie notclied glass dishes overnight before die 
hypoxic treatment. After 2 h of reoxygenntion, cell lysatcs 
were prepared with 400 p.1 of passive lysis bufftir using 
a Dual Luciferase Assay kit (Promega) and the Iticiforase 
activities were measured by a luminometer To minimize 
the variations of trai\sfectfnn efficiency between experi- 
ments, we performed dual luciferase measurements and 
normalized the luciferase activities of lest plnsmids with 
those of the control plasmids as described previously.' In 
experiment) comparing the actual amount of gene 
expression among various promoters, protein concen- 
tratioiu of the cell lysates were ab^o determined by 
Bradford's method (BioRad, Hercules, CA, USA). 
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Long-term survival in a rodent brain tumor model by bradykinin- 
enhanced intra-arterial delivery of a therapeutic herpes simplex virus 
vector. 

Rainov NG, Dobberstein KU, Heidecke V, Dorant U, Chase M, Kramm CM, Chiocca 
EA, Breakefield XO. 

Department of Neurosurgery, Faculty of Medicine, Martin Luther University, Halle, 
Germany. 

Recently, it was demonstrated that bradykinin (6K) enhances intracarotid delivery of herpes 
simplex vinis type I (HSV) vectors to rat brain tumors, and that gene transfer takes place 
predominantly in the tumor periphery. The aim of the present study was to apply these 
findings to the treatment of experimental rat brain tumors. The HSV mutant, hrR3, which is 
disrupted in the ribonucleotide reductase gene, was injected intra-artehally with titers of 1 x 
10(8), 1 X 10(9), and 1 x 10(10) plaque-forming units (pfu) both with and without BK into 
Fischer 344 rats with intracerebral, syngeneic 9L tumors. Starting on day 3 after vector 
administration, animals were treated by intraperitoneal injection of 60 mg/kg/day ganciclovir 
(GCV) or placebo. 1 x 10(10) pfii hrR3 in combination with BK and GCV treatment was 
able to eradicate tumors in 80% of the animals; 1 x 10(9) pfii cured 40% of the rats, and 1 x 
10(8) pfii achieved an extension of survival time but no tumor cures. Control groups had 
100% mortality within 30 days after injection of tumor cells, with the exception of the group 
with injection of 1 x 10(10) pfu of virus and GCV treatment, which had one long-term 
survivor. No apparent complications of this novel type of brain tumor gene therapy were . 
encountered. In conclusion, intra-arterial injection of attenuated HSV vectors with blood- 
tumor barrier modification and subsequent systemic CjCV application appears to be a 
promising approach for the treatment of malignant brain tumors. 

PMID: 9622099 [PubMed - indexed for MEDLINE] 
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Intraarterial Delivery of Adenovirus Vectors and 
Liposome-DNA Complexes to Experimental Brain Neoplasms 

NIKOLAI G. RAINOV,'-^ KEIRO IKEDA,^ KAZ[R H. QURESHI.^ SMIVANI GROVER,* 
ULRICH HERRLINGER.' PETER PECHAN,' '* E. ANTONIO CHIOCCA,' 
XANDRA O. BREAKEFIELD,' imd FAITH H. BARNETT'-*'' 



ABSTRACT 

This study investigated the intranrterinl delivery of genetically engineered replication-dcficiciit ndeiiovirus 
vectors (AVs) and cationic liposome-plasmid DNA complexes (lipoDNA) to expcrintenlnl brnlii tumors. Ade- 
novirus or lipoDNA was injected into tlie internal carotid artery (TCA) or F344 rnts harboring intracerebral 
9L gliosarcomas, using bradykitiin (BK) to selectively permeabilize the blood-tumor barrier (BTB). Brnin 
and Internnl orgnns of the nnininls ^verc collected 48 br ortcr vector injection and stained Tor expression of 
the marker gene product, 3-galQCtosidase (3-Gal). Iiitrftcitrotfd delivery of AV to9L rut gllosarcomn without 
0TB disruption resulted in tronsgcne expression in 3-10% of tumor cells distributed throughout the tumor. 
Virus- me din ted expression q( {^-gnl gene products in this tumor model was particularly high in small foci 
(^.5 mm), which had invaded the norma) brain (issue surrounding the main tumor mass. In theso foci more 
than 50% of tumor cells were transduced. BK infusion increased the amount of transgcne-expressing cells in 
larger tumor foci to 15-30%, In the brain parenchyma only a Tew endothelial celh expressed owing to 
AV-mediatcd gene transfer. Intrncarotid delivery of lipoDNA bearing a cytoplasmic expression cassette ren- 
dered more than 30% of the tumor cells positive for the marker gene without BTB disruption. The pattern 
of distribution was in general homogeneous throughout the tumor. BK infusion was able to increase further 
the number of transduced tumor cells to more than 50%. Although lIpoDNA-mcdIntcd gene transfer showed 
increased efficacy as compared with AV-medioted gene transfer, it had less specificity since n larger number 
of endothelial and glial cells also expressed the transgcne, AV and IJpoDNA injections, in the absence itnd 
prtsiucc of BK, also resulted in transduction of peripheral organs. AV showed its known predilection for.livcr 
and lung. In the cose of HpoDNA, parenchymal organs such as liver, lung, testes, lymphatic nodes, and espe- 
cially spleen, were transduced. These findings indicate that intracarotid Application of AV and lipuDNA vec- 
tors can effectively transduce tumor cells in the brain, and tliat BTB modulation by BK infusion can further 
increase the number of (ransgene-cxprcssing tumor cells. 



OVERVIEW SUMMARY 

Selective Intravascular delivery af trnnsgcncs to intrncri- 
nial tumors in rat models can be effected by replicntion-dc< 
fcctivc adenovirus vectors and by Ilposome-DNA coioplexcs 
bearing cytoplasmic expression cassettes. Delivery in both 



coses tscnhfiDced by colnfushn of the pharmncologic agent 
brodykinln^ which prefercntlnlly facilitates passage across 
the blood-tumai barrier, as compared to the blood-brain 
barrier. This delivery modality targeted both the main tu- 
mor mass and small tumor foci inTdtrating the surrounding 
brain parenchyma. LIposomc-DNA complexes proved even 
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more crTicicDt ibtn Adenovirus vcctori In this context, re- 
flecting both crficient entry icrosstlie biooil-lamor bftrrier 
and {mmerflate trunsgcne expressioa in tbe ccU cytoplasm 
nithoat need for transport to the nucleus. This method pro- 
vides a ncnns to seek out lovislve tumor foci throu{h In- 
trarasculir injection of gene delivery vehicles that sclcc- 
lively ptH into tumors through their newly rorming 
vasculature. 



INTRODUCTION 

GENB THERAPY for bruin lumors has entered the stage or clin- 
ical trials, but many problems remain. A major limitation 
is the inability to transduce a large enough pool of lumor cells 
to confer cytotoxicity to the whole tumor (Kramm 1995). 
In addition, the delivery must be turoor selective to reduce tox- 
icity to no mi a I brain. Finally, choice of vector affectj both trans- 
duction efficiency and tumor selectivity, as well as transgene 
expression, replication within lumor. i/nmunogenicity.and both 
central and peripheral toxicity (Chiocca etal., 1994; Schofleld 
nnd Cnskey. 1995). 

Three modes of vector deli very to experimental brain tumon 
have been studied: stereotactic intratumoral inoculation (Dovi- 
alsis et ah, 1994a; Viola et aly 1995), iatrathecnl application 
CKramm f/aA, 1996), and, most recently, intraarterial applica- 
tion (Ncuwelt et aL, 1991; Doran et al., 1995; Nilaver al., 
1995; Rainov era/., 1995). Stereotactic intratumoral applica- 
tion hat the advantage of a high spatial accuracy with higli lo- 
cal vector liters, but suffers from dittxibution betikg limited to 
a few millimeters surrounding the injectbn site, and depends 
on the biological properties of the vectors used (Bovlatsis a 
o/., 1994b). Intrathecal delivery of vectors seems to be limited 
to trcQting intrathecal neoplasms or to attacking the intrathecal 
parts of Intracerebral tumors (Viola et a/., 1995; Kromm et al, 
1996). Intraarterial vector application with or without disrup- 
tion of the blood-brain barrier (BBB) or (be blood-tumor bar- 
rier (BTB) offers a solution for the vector distribution di^cul- 
ties by employing the well-developed tumor neovasculature for 
tranjgene deliveiy to all vascu!ari2ed tumor foci. In costrait to 
the normal BSB, which limits the size of substances entering 
from the blood stream into brain cells and brain interstitial 
space, brain tumor neo vasculature features a more pemieuble 
barrier (Cox ei aL, 1 976; Inamura and Black, 1 994). However, 
the BTB still limits delivery of high molecular weight sub- 
stances to tumor tissue and to immediately adjacent, partly tu- 
mor-indllmted areas of the brain (Hoshino, 1984). The ability 
to achieve selective phamacological opening of the BTB us- 
ing bradykiniu (BK) and Its derivatives facilitates the selective 
delivery of eytotoxic drugs and virua vectors to intracerebral 
neoplasms (Rainov et al., 1995; Elliot et al., 1996; Barnett et 
at., I99S), ai the BTB is less rigid than the BBS. 

Some of the virus vecton, such as retrovirus, integrate into 
the host genome and can cause insertional mutagenesis or onco- 
gene activation, while others, such at herpes simplex virus type 
1 (HSV), do not integrate, but cm potentially cause encephali- 
tis or other neurotoxicity. Uposome-DNA complexes 
(lipoDNA) repreient uUemative vehicles for gene transfer and 
avoid some of the unwonted features of vims vectors (Hug and 



Sleight, 1991). They have been shown to be highly effective in 
transfecting cultured cells, although different liposomal formu- 
Ijtians have different transfection efficiencies and abitlties to 
carry varying amounts ofDNA (San etal., 1993; Feigner etal., 
1994; Kremm et al.. 1995;/ Slephan et al., 1996). LipoDNA 
complexes probably fuse with cell membranes, releasing DNA 
into the cytoplasm (Hug and Sleight, 1991), although the pre- 
cise structures formed by lipids and DNA remain somcwhnt 
controversial (Feigner «/ a/., 1995). Tlie route of ndministntion 
may dramatically afTectthe uptake of liposomes by normal and 
tumor cells, fn vivo studies showed that intravenously injected 
liposomes are taken up mainly by the reticuloendothelial sys- 
tem (RES), particularly in the liver and spleen (Hug and Sleight, 
1991). IiiD-aarterial application of lipoDNA iu experimental an- 
imals is, however, still not well mvestigated, and little is known 
about trnnsduction efficiency in brain tumors in vivo (Yoshida 
ond Mizuno, 1994). 

This study addresses the efficiency and selectivity of in- 
traorterial delivery of replication-dencieat AV vectors and 
lipoDNA with or without pharmacological modulation of the 
BTB. 



MATERIALS AND METHODS 

Virus vector 

Tlie virus vector used in this study was a recombinant ade- 
novirus type 5 (Ad5) with disruption of the ElB region, with 
the Escherichia coli lacZ gene encoding /?-galactosidtisc iP- 
Gal) placed under the control of the cytomegalovirus (CMV) 
promoter (kind gift of Genzyme, Cambridge, MA). Viral stocks 
were generated in 293 cells, concentrated by ultracentrifugtt- 
tion, titercd by plaque assays, and stored nt — RO°C. Ten mi- 
croliters of the virus stock (a total of I X 10' PFU) was dis- 
solved in I ml of warm (37*C) 0.9V* NaCl and immediately 
introduced into the carotid artery as a bolus injection, 

Uposotne-DNA complexes 

The T7T7T7Bgal plusmid (Progenitor, Columbus, OH) was 
grown in E. eoli HMS 1 74 eel Is (Nova gen, Madison, WI) nnd iso- 
lated by Maxt-prep (Q la gen, Santa Chirita, CA). Ten micrograms 
of DNA was incubated with 25 U of T7 RNA polymerase (New 
England BioLobs, Beverly. MA) and then mixed with 24 /ig of 
LipofectAMINE (Life Technologies, Gaitheraburg, MD) in 200 
^1 of Opti-MEM (Life Technologies) at room temperature. 
LipoDNA was injected immediately alter preparation. 

Animal studies 

Twenty adult male Fischer 344 CD rats (Charles River Lab- 
oratories, Wilmington, MA) weighing 200-250 g were used in 
this study. There were four groups; BK infusion and adenovirus 
(AV) injection (n 5), vehicle infusion ond AV Injection (n - 
5), BK infusion and lipoDNA injection (n = 5), and vehicle in- 
fusion and lipoDNA injection {n = 5). Procedures nnd housing 
of animals were performed in Dccordnncc with the guidelines 
issued by the Massachusetts General Hospital Subcommittee on 
Animal Care. Intracerebral solitary 9L tumors were produced 
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by stereotactic inoculation of 1 X 10^ tumor cells in 5 ;il of 
Dulbecco's modified Bitgk's medium (DM EM; Life Tech- 
nologies) into the right frontal lobe of the rais. Anesthesia and 
implantation technique were as described elsewhere (Ruinov ci 
aL 1995). 

Seven days after tumor implantation, animals were rennes- 
tlietizcd for intmcarotid catheterization. The right common 
carotid artery (CCA) was exposed through a 3-cni midline in- 
cisiou.as previously described (Rainov«r/a/., 1995). Dradykinin 
acetate (Sigma. St. Louis. MO) was dissolved in distilled wa- 
ter (25 ^g/ml) and kepi on ice. Immediately prior to infusion 
the solution was warmed to 37*C and infused at a rate of JO 
/ig/kg/min for 10 min using a microsyringe pump (Medfusion 
Systems, NorcrosJ, OA). DK infusion was immediately fol- 
lowed by injection of virus or lipoDNA in I ml of vehicle over 
5 min. 

Fixation, sectioning, and staining 

For histochemical analysis of marker gene expression, rats 
were sacrificed 48 hr after intrucarotid infusion by a lethal dose 
of sodium pentobarbital (15 mg) and tmnscardial perfusion with 
4% paraformaldehyde in phosphate-bufTered saline (PDS, pH 
7.4). Drain, spinal cord, and internal organs— liver, lung, kidney, 
heart, testes, and lymph nodes — were placed In 30% sucrose for 
cryoproiection, frozen 2-4 days later over liquid nitrogen, and 
stored at -80"C until further processing (not longer than 6 
weeks). Tissue blocks were mounted in O.C.T. compound (Vliles, 
Elkhurt, IN) and 20-//m-thick serial sections were cut ofi a Jung 
cryostat (Cryocui 2800 E; Leica, Deerfield, IL). Every nfUi sec- 
tion in llic tumor area ond every tenth section in normal brain, 
cerebellum, and internal organs was mounted on silane-coated 
slides (Superfrost. Fisher, Pittsburgh. PA) and air dried ai room 
temperalure. Tissue sections were stained for /r/cZ expression by 
histochemistry using the 3-bromo-4-chloro-3-indolyl-^u-8alnc- 
topyranosidc (X-GaJ) substrate (Sigmn), n» previously deacribed 
(Turner t'/«/.. 1990). After riiwing with water for 5 min, sections 
were countcrsuiincd with Meyer's hcmaloxylin (Sigma) or ncu- 
tml red (Fisher), dehydrated in ethanol, Immersed for 5 min in 
xylene, and then mounted under covcrslipj. Control sections of 
animals not treated in the present study were included lo assure 
speciHcily of the staining process. 

Cell counting and evaluation of sections 

LacZ-positive and -negative cells were counted at a 200-fold 
raagniricolion using a liglU microscope (Kikon, Garden City, 
NY). EvnKuilion of sections was carried out in a blinded fash- 
ion. For the study of lipoDNA gene transfer, 1000 cells were 
counted in each of three random visual fields throughout the 
tumor, since the pattern of distribution was fairly homogeneous. 
In onimals with AV injection, small foci (<0.5 mm) were eval- 
uated by counting total numbers of stained and nonsiained cells. 
In larger tumors (2-5 mm), three random visual fiekls in the 
tumor periphery (deHned as Uie part of tumor remaining in the 
microscopic visual field when normal brain tissue is also visi- 
ble) and three random fields in the tumor center were counted 
and values averaged. Normal brain and internal organs were 
evaluated qualitatively. 



Siatistlcai evaluation 

For calculation of mean values and sumdard error of the 
mean, as well as for all significance tests, such us F (est and 
Student's / test, the SPSS for Windows software piickagc was 
used. 



RESULTS 

AV application 

When J X 10' PFU of AV vvjis injected into the intemiiJ 
carotid artery in the absence of BK. 3-9VI (mean, 6.2%) of tu- 
mor cells in large tumor foci became positive for ^-galaciosi- 
da$e(^Gal) (Fig, 1). In small foci, a higher proportion of cells 
showed tmnsgene expression (mean, 14.4%; rnnge, IO-25Vo). 
Tlie tumor periphery, especially when in contact with cere- 
brospinal fluid (CSF). nppeared to have a higher percentage of 
transgene-expressing cells as compared with the tumor center. 
After DK infusion, the number of positive celts in large tumors 
increased lo 17.5% (range, 12-32%), while the increase in trans- 
duction in smult tumor foci wtis less pronounced (mean, 25, 1 Vi; 
nmge. 16-37%) and without a distinctive puttem of distribu- 
tion (Fig. 2). 

Some endothelial cells in normal brain captltarici expressed 
^•Gal with and without DK. No increase in the number of these 
cells was seen with BK. Tliere was no intrinsic j3-Gitl posiliv- 
ity of capillaries in control brain sections without vector applt- 
cjilion (control tissues from a paniDet study were stained and 
evaluated; Bnnieit et ai. 1998). Of all peripheral organs ex- 
amined, the liver showed tlic highest density of ^-Gal-ex- 
pressing cells, followed by (he lung (data not shown). There 
was no l)i.<itochemicnl positivity for the (ransfgciie in the heart, 
spleen, and testis. Strong ^-Gal positivity of kidney and choroid 
plexus was seen in all secticim und considered to be due to high 
constitutive expression of mammal tatt /ff-^^lactosidase or low 
endogenous pH of tissue. 

LipoDNA application 

LipoDNA was diluted in 0.9% NnCI to a total volume of I 
ml (immediately before injectk>n). In the ubsence of BK, 
22-47% (mean, 39.8%) of tumor cells were iransihiced. There 
was no difference in tmnsduclion cfTictency in small and large 
tumor foci and no marked ring pattern of (rnnsgeiie distribu- 
tion, such n.s in the case of AV (Fig. 3). DK inrusiou further in- 
creased the amount of /7-Gal-exprejsing tumor cells (mean, 
53%; range, 33-71%). 

In normal brain, many endothelial cells in cupitlaries and ap- 
parently norma) glJal cells expres^seJ the marker gene. DK did 
not appear to influence these numbers. Organs of the reticu- 
ioendothelint system (RES), such as spleen and lymph nodes, 
showed frequent expression of the marker gene. 



DISCUSSION 

This series of experiments was carried out lo investigate the 
tmnsduclion erflciency of Intmcarotid replication-deficient AV 
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FIG. I. Graph ihowrng perceittagft of /3-G«I-€xprcs«ing ce)I«/JO0O cells in tumors. Data are expressed ss raean and standard 
error of the mean (SEM, bars). Asterislci indicate statistically signiHcant difTerences between the values i*p < 0.Q5, * V < 0.01). 



vectors and liposome-DNA complexes in the presence and ub- 
sence of the BTB modulator, BK, in a rat 9L gliostrooma model. 
Without BK, AV injection rendered a raean percentage of 6.2% 
tumor cells positive for )3-Gal in large tumors and 14.4% in 
small tumor foci (<£>.i mm). BK increased the mimber of X- 
Gal-posilive cells in large tumors 2.S-hld, »nd 1.7-foid in smal) 
tumor foci. With AV application, only a few capillaries in the 
normal brain stained positive for jS'Cal. With iipoDNA injec- 
tion, transduction occurred to a similar extent (39.8%) in both 
large and smt\ll tumor foci. Marker gene expression in tumor 
cells increased l.2-foid in the presence of BK. With IipoDNA. 
LacZ-positive endothelial cells and glia were found in normal 
brain tissue. Both types of vectors produced marker gene ex- 
pression in peripherut organs, but AV showed greater trans- 



duction of liver celts, while IipoDNA showed preferential la- 
beling of the RES. 

AV vectors 

The extent of transduction of the target cells is one of the 
key factors that determines the efncacy of AV-mediated gene 
therapy for neoplastic diseases (Hunrd et al., 1995). Different 
routes of AV application result in different efficiencies of gene 
transfer. Direct intrutumoral injection has been the most often 
used and best established application mode for all viral vectors 
(Boviatsis et al., 1994a; Chen et at., 1994; Badic et o/., 1995; 
Maron ot al., 1996; Vincent ei 1996). Intratumoral injec< 
tions of AV (1 X 10' to I X 10' PFU) have been used mostly 



FIG. 2. (A) Photomicrograph of a small tumor focus in the AV group 48 hr after virus injection in the absence of BK. Note 
the high number of stsined cells throughout the tumor (original magnincttioo, X200; 20-//m frozen section; X-Qat staining). 
(B) Photomicrograph of a small tumor focus in the AV group 48 hr after virus injection and BK infusion. Increased number of 
stained celts throughout the tumor (original magnincation, X200; 20-jum frozen section; X-Gal staining). (C) Photomicrograph 
of a large 9L gliosarcoma in the BK-AV group 48 hr after vims injection in the absence of BK (origtnot maBniftcation, XIOO; 
2Q'^m frozen section). (D) Large 9L tumor in the BK-AV group 4$ hr after virus injection and BK infusion (origins) magniH- 
cotion, XlOO; 20-;im frozen section). All sections were counterstatned with neutral red. 

FTG. 3. (A) Photomicrograph of a tumor in the IipoDNA group 48 hr after injection in the obsenee of BK. Note the high num- 
ber of stained cells throughout the tumor (original magnification, XIOO; frozen section; X-Cal staining). (D) Photomi* 
crograph of a tumor in the 6K-lipoDNA group 48 hr after vims injection and BK infusion. IncrcHsed number of stained cells 
throughout the tumor (original magnification X20D; 20<^m frozen sealon, X*Gal staining). (C) Photo microgmph of large 5L 
tumor and surrounding normal brain in the BK-lipoDKA group 48 hr after virus injection and BK infusion (original magnifica- 
tion, X200; 20-/im frozen section). Note positivity of peripheral capillaries sprouting towards the tumor border (arrows). (D) 
Photomicrograph of normal brain in the IipoDNA group 48 hr after virus injection in the absence of BK (original magnification, 
X200; 20.;ini frozen section). Note the stained endothelial cells (blue) along normal brain captllaries (arrows). All sections were 
counterstained with hematoxytin and eosin (H&E). 
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FIG. 3. 
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as B single dose in a few microliters of vehicle (Perez-Cruet et 
(f/.. 1994; Bfldic tt at., 1995), This amount is comparable with 
the vims dose used in the present study (1 X 10^ PFU); how- 
ever, unlike intnarterifll application, direct tntnitumoral injec- 
tiou produces high local transduction rates, but is unable to ac* 
cess the peripheral parts of the tumor. 

Viola ei at. (1995) injected AV vectors intratumoroUy and 
into the CSF space, either simultaneously with intrathecal 9L 
tumor inoculation or after establishing leptomeningeai cancer. 
AV injection into normal brain resulted in diffuse tnnsduction 
of normal cells at the ii\jectlot\ site, while intiaiumoral injec- 
tion of AV vector into cerebral gliomas resulted io efficient tu- 
mor cell trausductioQ (Viola « al., 1995). Intrathecal AV in- 
jection in mts with meningeal tumor spread produced a 
relatively high transduction of the infiltrating tumor in the sub- 
amchnoid space when vims was given simultaneously with tu- 
mor inoculation. Transduction rates of both solid and lep- 
tomeningeai tumors correlated with the number of injected 
particles. Using a C6 glioma model, Chen ei ai (1994) injected 
3 X 10' AV vectors bearing the herpes simplex virus thymi- 
dine kinase gene (HSV tk) into established tumors and subse- 
quenlly treated the animals wiUi ganciclovir (GCV), resulting 
in a SOO-foId reduction io tumor volume, as compared with con- 
trols. 

As intratumoral application of AV vectors is entering the 
stage of clinical trills (Eck «i of.. 1996), its efTiclency needs to 
be improved considerably. Human tumors have a different mor- 
phology (Berens et ai. 1990) and a larger volume than in ani- 
mal models, and so intrfttumoral injections atone seem tnsurfl- 
cient to transduce high numbers of tumor cells. Combined 
approaches such as simultaneous intratumoral and intraarterial 
injections may yield the highest gene transfer rates, as intratu- 
moral injection may achieve a sufncient local vector concen- 
tration and intraaiteriftl delivery may preferentially access the 
periphery of tumor as well as small tumor foci infiltrating the 
adjacent brain. Our results demonstrate that intraarterial AV 
vectors are capable of a highly efficient tmnsduction of small 
tumor foci, possibly owing to their active neoangiogenesis (Cox 
et ai, 1976; Berens et al., 1990). 

A Vs are stable particles w ilh a diameter of 70-1 00 nm, which 
can be produced in high titers, e.g., \ x iO"/ml. Drawbacks of 
AV vectors are their high immunogenicity and the preexisting 
immunity against AV ta humans, which is responsible for rapid 
elimhiation of vectors (Eck et at., 1996). In concer therapy, 
however, the application of a high single dose of AV vectors 
may be able to overcome virus inactivation by the immune sys- 
tem, at least for h limited time. On the other hand, systemic im- 
mune response against AV vectors may be beneficial for limi- 
tation of spread to peripheral organs. In cur experiments in rats 
a relatively high level of transduced cells was noted in periph- 
eral organs after a tingle intracarotid injection of 1 X 10' PFU 
of AV, this apparent obstacle may be overcome In huroani by 
the anti-AV immune response. 

AV vectors are highly efficlcDt In transducing glioma cells 
In vivo when compared with herpes simplex vims type I (HSV) 
vectors. In a previous study with invraarterial delivery of HSV 
vectors (Rainov etal., 1995), less than 5% of tumor cells in the 
periphery, and less than 2% ta the tumor center, of intracwe- 
bral 9L tumors were transduced in the absence of BK. In llic 
auakigous experimental setting of the present study, 6 to 14% 



of the tumor cells, mostly in the tumor periphery, were trnni- 
duced by intracarotid AV vector application without BIC mod* 
ulation of the BTB. The differences in transduction efTiciency 
may reflect tJie biological or physical differences of the vectors 
(for example, AV panicles arc about 85 nm in dttimetcr while 
HSV is about liO nm) and may vary with different types of tu- 
mors. 

LipoDNA deliYtry 

Syntheu'c vectors such as liposomes represent an arguably 
safer approach to gene therapy for brain tumors. They are gen- 
erally easy to produce in large quantities, and they do not carry 
the risks implicit in viruses (Kramm et at., 1995). On the other 
hand, design strategies have not been optimized to facilitate 
high efnciency cell penetration, to avoid degradation by cellu- 
lar endonucleases, and to optimize transport to the nucleus. 

Mony studies hove investigated the effects of various lipids 
(Behr et al., 1989). lipid/DNA ratios (San */ «/., 1993), DNA 
condensation (Curiel, 1994; Fritz et a!., 199€), and addition of 
targeting (Michael and Curiel. 1994) of fusogenic agents 
(Tomita et aL^ 1995) on liposome •mediated gene transfer in cul- 
tured cells. However, in vivo liposome. mediated gene transfer 
is still in the preliminary stages. Zhu et al. (1996) nnd Zerrouqi 
et at,, (1996) studied direct infusion of liposomes complexed 
with an HSV (^-expressing plasmid into tumors using an os- 
motic minipump delivery and effected marked tumor regres- 
sion in GCV-treated animals. 

To expedite high and rapid transgene expression, the plas- 
mid T7T7T7Bfial (Progenitor) was used. This pinsmid, when 
primed witli a small amount of T7 RNA polymemsa, generates 
more RNA polymerase and large levels of tran.«igene products 
directly in the cell cytoplasm (Chen et at., 1995). When com- 
plexed with Lipofectin this plasmid transduced more tltnn 30% 
of cultured cetls. and when injected directly into tumors resulted 
in transgene expression in a limited area surrounding the in- 
jection site (Chen ef 1996). Our results indicate that an in- 
traarterial approach using lipoDNA can yield highly efTtcient 
and more extensive gene transfer to tumors In vivo, with the 
addition of BTB modification with BfC improving the overall 
efficiency of delivery even further. 

Role of BTB modulation by BK 

Several mechanisms could account for increased permeabil- 
ity of the BTB after pharmacological disruption. These include 
increased vesicular transport (pinocytosis/endocytusis) through 
the endothelial cells and opening of the tight junctions between 
these cells (Elliot et at., 1996; Tnamuni and Black, 1994). 
Bradykinin seems to affect predominantly the tight junctions 
by a receptor-mediated action on the cytoskeleton (Hess et at., 
1992). We (Roinov etal., 1995) and others (Inamuro and Black, 
1 984; Elliot et at., 1996} have demonstrated selective perme- 
abilization of the BTB for tow and high moleculor weight sub- 
stances, and for viral and nonvimt particles. It is also possible 
that BK exerts some effects on the metobolbm of glioma cells 
and thus increases their iransducibi lily, similarly to the increase 
in transducibility seen with other viral vectors after irradiation 
of the target cells (Advani ci at., 1998). 

In conclusion, this study demonstrates that viral nnd nonvt- 
ral vectors can be effectively targeted to experimental brain tu- 
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mors by tatracarotid application with or without pharmacolog- 
ical raodulation of the DTB 
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Pre-existing herpes simplex virus 1 (HSV-1) immunity decreases, but does 
not abolish, gene transfer to experimentaJ brain tumors by a HSV-1 
vector. 

Herrlinger U, Kramm CM, Aboody-Guterman KS, SiKer JS, Dceda K, Johnston KM, 
Pechan PA, Bartb RF, Finkelstein D, Chiocca EA, Louis DN, Breakefield XO. 

Neurology, MGH Cancer Center, Massachusetts General Hospital, Charlestown 02129, 
USA. 

The influence of pre-existing anti-herpes simplex type 1 (HSV-1) immunity on HSV-1 
vector-mediated gene transfer to glioma cells was analyzed in this gene marking study using 
intracranial D74 gliomas in syngeneic Fischer rats. The HSV-1 mutant virus used, hrR3, is 
defective in ribonucleotide reductase and bears the mariner genes E. coli lacZ and HSV-1 
thymidine kinase (HSVtk). Initial marker gene expression in tumors 12 h after direct virus 
injection was reduced in immunized animals to about 15% of that in nonimmunized 
animals. Marker gene expression in both sets stayed at initial levels for 2 days after 
intratumoral injection and declined markedly on day 5. Inflanunatoiy infiltrates in the tumor 
were more prominent in HSV-1 -immunized, as compared with noninmiunized animals, at 
12 and 24 h, but appeared similar at 2-5 days after injection. By day 10, the immune reaction 
had subsided in immunized animals and macrophages remained only in nonimmimized 
animals. In conclusion, gene transfer to brain tumors using a HSV-1 vector was greatly 
reduced, but not completely abolished, under pre-immunization conditions. Pre-existing 
antibodies to HSV-1 may also serve a positive role in providing an increased margin of 
safety in intracranial application of HSV-1 vectors by limiting spread of the virus within the 
brain and to other tissues. 

PMID: 9747461 [PubMed - indexed for MEDLINE] 
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Oncolytic virus tiierapy of multiple tumors in the brain 
requires suppression of innate and elicited antiviral responses 



K£tRO IKEDA^ TOMOTSUCLf IcHIKAWa', HtROAKl WaKIMOTO', JONATHAN S. SiLVER*, 
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The owurrenee of multipl* tumors M jn organ heralds « MpMIy fatal course. Although tntravas* 
cular admlniitratlofi may deliver oncolytk virmes/vectors to each of these tumors, ItJ sffidency 
1$ lmf>eded by «n antiviral activity present in complenwnt^eplaled plasma of rodents and hu- 
mans. Here, this activity was shown to interact with complement in a calcium-dependent fash- 
ion, and antibody neutralization studies indicated preimmune I9M has a contributing role. 
Short-term exposure to cydophojph amide (CPA) partfaify suppreiied ihd activity in rodents 
and humans. At longer time po]nts, cyclophosphamWe also abrogated iHutraflzIn^ antibody re- 
sponses. Cyclophosphamide treatment of rats with Ifrge single or multiple Intracerebral tumors 
subs tan^ally increased viral suivival and propagation, leading to neoplastic regression. 



Htif treatment of tumors that have leeded multiple sites in an 
ory.-rt, such as biain or livet, remains palJiatlve. Cene therapy 
^•uaors delivering new anticancer tteatmenti such as wild-type 
p53 or ch«TiiOthcrapy-$«nsltlzinff or Immunc-enhanclng cDNAj 
aie being delivered through direct injection into tvmois'*'. In 
lome cases, evidence for local regression has been found 
However, local anticancer action against one tumor mass may 
not necessarily provide an aiitl-neoplastic effect agjinjt other 
tumor masses in the oi^an. 

Oncolytic viruses ha^-e bc4ti used as ami-tximor agents both cx- 
p'.f: mentally and clinical!/*-'*. They also can function a* gene 
ttiyrapy vectors by delivering anticancer genes. Transduction of 
lyngcuiiic cat 91 tumors, established in the brains of immunocom- 
petent rats, by Intra-arterial herpes simplex vinjs (HSV) type 1 vec- 
tor occurred after pharmacologic disruption of the 
blood-tumot-brain ba/riei'* '*. Howevei, tumor infection remains 
relatively inefficient, because a substantial antiviral response elim- 
inates the viral vector. Here, w< show this response Is Innate and 
tJifr>r3 from elicited neurraliring humoral responses or comple- 
t.-'. t, althouah It interacts with the latter. Antibody neutraliza' 
tiftii itudics show that preimmune IgM contributes to this aaivity, 
Conconiitani treatment with cyclophosphamide (CPA) partiiilly 
suppressed thl« Innate antiviral response and decrea.«d plasma 
Jeveij of total IgM. At longer time points (more than 4 days), CPA 
abo suppreised neutral id antibody «ii>ortses. The addition of 
CPA to an Intravascular viral vector and a blood-brain harrier 
"lodiher resulted in a substantial increase both in the number of 
tat^ With transduced tumors and in the anatomic extent of tumoi 
TMii .ductton. This can lead to tumor regression and long-term jur- 
*'ival even in animals with mulrlpfe intracerebral tumors. 

Ceneratlon of viral neutralizing antibodies 

^Vc Sought to characterize elicited Immune responses against an in- 

travrtscubr oncotytic HSV type 1 virus (hrR3). Imraunocompctiint 



Fischer 344 rats exposed to intracereOral hrR3 form neutralizing an- 
tibodies". AS expected, in both immunocompetent and athyraic 
raw a neutralizijiff anbbody restponse against vims was elicited 4 
&*y$ after Intra-arterial iniectLon of hiU3, and wa9 abrogated by si- 
multaneous treatment with CPA (Fig. la and b). 

Presence of a CPA-labile, innate antiviral activity in rat plasma 

Jntra-arttrtai adminiitration of virus should result in initial infec- 
tion of some cells in the tiunor, with Initial generation o( progeny 
viruses (12-18 hours) and subsequent rounds of infection and 
propagation (24-48 hours). The above results show that neutral- 
liing antibody responses, detected at 4 days, are not likely to af- 
fect these early processes. However, pre-incubation of hfR3 with 
comptement'deplctcd, undiluted plasma, prepared from pieim- 
munc Immunocompetent rat.^ (Fig. 2a) or athymlc rats (Fig. 2t) 
substantially reduced i^i vitru vUal transduction. These results in* 
dicate that an innate antiviral activity is present in rat plasma. 
CPA suppreiiied the antiviral effect Of undiluted, immunocompe- 
tent rat plasma by approximately 30% (Fig. 2a] and that of 
athymlc rat plasma (1:2 dilution; by approximareJy 20% (Fig- 2b). 
These results inilicatc that animal exposure to CPA leads to a i>ar- 
tial juppresslon uf this innate antiviral acrivity. 

To determine if this antiviral activity xequUcd initial contact 
with vinuor directly proteaed cells from viral infection, we added 
plasma onto monl;ey kidney (Vtrro) cell* In culture before asMving 
for hrlU activity. There was no inhibition of viral transduction, in- 
dicating that this at^vity acted directly on viruj (Pig. Zc and rf). 

If the activity was nut innate but waN an early elicited respunte 
undetected by the seiulodical experiments in Fig. 1 , pre-exposurc 
of rats to virus ^or 2 days (that is. before the detectable rise in 
neutralising findbody titers) would be expected to augment plas* 
ma's ability to inactivate virus. However, there ww no difference 
in the antiviral activity of plasma prepared from pceimmune rats 
or from rats exposed to virus for 2 days (Fig. 2* and f), Theit also 



981 



ARTICLES 



Fig. 1 CPA irihttb iht generation of neutralizing 
anQbodl«l )n Imrnunocomptitnt or «t^ymic nti. 
P\MSmb prtplnd horn Ksci^r 344 CO QU («) or 
nude rau (fc) on dsyi 0, 2, 4 »rvd 8 *fXtt injection 
with hr«3, RMP.7 ind laline (0) or CPA {•). and 
liters of rteutf truong antiboditi againtt HSV w«r« *s. 
tayad- A/row^ Uun btlo^w 8. 



was no diffitence in the extent Of suppreMioti of thij activity by 
CPA. Thii indicates that shorMerm <that is, before the formation 
of neutralizing antibodies) viral exposure does not change the 
magnitude of the innate activity. These reruits indicate that 
there was. an Innate antiviraJ activity in rat plasma that was dif- 
ferent from complement and waj partially suppres»d by CPA 
(Fig. 2a,b.e and /), and had to interact vflth virus before protect- 
ing cells from infection (Fig. 2*' and rf). 

The CPA-labile, innate antiviral activity U present In hunnans 

The above exptfrimtnt! could b<r explained it a natural antibody 
against HSV (a human virus) was present in rat pla.ima. We col- 
lected plasma from 3 of 20 human patients, who did not liave 
pre-existing antibodies against HSV. before and after they under- 
went chemotherapy with CPA. This plasma, after complement 
depletion, sdH had antiviral activity, which was suppresied by 
CPA treatment (Fig. 3(t). Thii Innate antiviral action was even 
snongei, but was still partially suppreised by CPA (Fig. 3i>) when 
complement waa not Inactivated. This result Indicates that hu- 
mans alio have innate antiviral function(s) that can be sup- 
pressed by CPA. To hirthcr t«t the 'natural antibody hypothesis, 
we grew hrR3 in rat cells, to allow the vims to acquire an enve- 
lope from rat membranes with its antigenic charactcristici'". 
However, there was no Uiffeience in the antiviral activity of rdt 
plasma against hrR3 grown in rat, human or Vero foionkey) cells 





(data not shown), again indicating that a 'natural antibody' i 
cry did not provide a suitable explanation for this aai^ity. 

The innate anttvlr*! activity inttracts with complement 
Although the total plasma level of complement was not affec 
by CPA (data not shown), we sought to determme if its funct 
was. Serially diluted and unheated f'compiement-tich') plas 
from immunocompetent or athymic rats (Hlg. ia and b) was m 
active in inhibiting virus than was complement-depleted, htd: 
plasma (Fig. 2u and b). Plasma from immunocompetent rats in 
ttvatcd more than 99% of tha virus at a dtiufion o^ 1:16 (Fig. - 
CPA suppressed this by approwmately 10%. Plasma from athyi 
rats inactivated approximately 80% o/ the vijus at a dllutior 
1:32. CPA suppressed this tjy approximately 60*^1 (Fig. ^b). Co 
venom factor inhibits complement by depleting C3 and 1; 
componentV*. The antiviral activiry of unhealed plasma /r 
rats treated with cobra venom factor was also mhibited (fig 
and frj. Treatment with EGTA-Mg depletes Ca^ an ion needfr 
activate complement through the -classical pathway (ref. 2f 
lectin pathway' <rrf. 21j, Pretteatment of unheated plasma v 
F,GTA-Mg was also supprewJve (Kig, 4a and b). These results if 
catc that the innate antiviral activity interacted with complex 
in a calcium-dependent manner and that the suppression o( 
activity by CPA altered complement's antiviral function. 

Further characterization of the lnnat« antiviral activity 
Complement activation can occur by interaction with 
munoglobuUn ('classical pathway^ oi lectin ('lectin pathway'! 
caiciura-dependent manner or spontaneously ('alternative p: 
way') in a calcium-independent manner. The above results i 
vide evidence /or Involvement of the 'clasiicaJ pathway' oe 
pathway. PteUminary experiments seemed to exclude the p< 
blUty of Interaction with lectin (K.I and F^A.C.. data not sho* 
However, pretieatment of plasma with rabbit IgC raised agairts; 
IgM reversed the innate antiviral activity of plasma in a dose 
pendent manner, whereas treatment with conttol tabbit ;ir^ 
mune IflG did not (Fig. Sfi). Tllis indicated that preimmune 
contributed to the innate antiviral activity of plasma. We also i 



Fig. 2 Pfejcnte of an innata onlivlrtl activity in rat plaima tnat ii CP- 
bile. Picsm* waj prepared from immunocompereflt nti (a. c and e) 
athymic rau (b, d and 2 d arte' «Ur*p«ritone«l CPA (or carrier) aOfrlnl: 
tion. 0 ao4 b, Serial dihitiom of heated ptoifna wire ut«d in tht inectiv-^ 
assay, c Ana rf. Meatad and undiluted plasma was added onto Vero ce 
culture and waihed oft the celb before hrRJ activi^ assay. • and f, fij 
was prepared before (day 0) or 2 days ^fter intravascular admintr.ratic 
hrftj (or mocli injtction). for f, undiluted atnymic rat p(«sma was uj*d, 
tow value) (compared with thoie of e) reflect the more potent antiviral a> 
ity of undiluted athymic rat plasma, and corrtipand to th« almost ui 
tcctabtc levels of th« fint two oari in b. 
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2^.„rrhOT«h...p, with CPA. H«|.>r..»d C.) «-« unh«<«. 



, „ed pUimt iK.m CPA.t«»t«l (or control) rau .nd *en pt«-.n- 
U with rabbi, anribcdy .gains, ra. '6". Th. CPA »^ ami- 

,M„ w« am. or no en«t from CPA otatmcni (F.g. «)• 
b^y n.ut,ali«.cion »f IgM c«ul,c<l in further '""'"r'H '"™' 
TX^i after .r««n.n, wi.h CPA (FiJ. 5« Th«c 
'fat CPA debased th. concntration ol nt pr .mmun. IjM 
,,ilable to int«sci with the oncolytic virus (Fig. St). 
' ^htr mpport for th. irtvoWcmont of CPA in r.v.r„og th. ro^ 
of p, .r^n-un^ l^M m th. suppression of Vrral ««:;^'V "«pto- 
l^d by assavs Of immunoslobuHn plasma 
Tml aftc' tr«.W«. with CPA. The a.«.S. level of ^i^^l^^^ 
Z iOA mgWl b.lo« CPA (n . 4), bo. had <1««««^ 
,bly 10 19 6 mg;dl. 2 days aftci CPA tiMtmtnt. I here was no 
hah«. in compkmcnt levels. With the previous results ihe« 
" a indTca«X prtio-ntune IjM contributed substantiaUy to 
ill.- observed innate antiviral activity. «h .h. ...rvival 

Oi«n these rcsol... « next a.,ked if CPA '^""^^ 
=1 oncolytic virt« In ittuacerebral S"'^''"''^''^^;^^ 
rectly injecteO with hrR3. We expUnt«l tumors 2 and 4 days .he 
S sKrtMtaalc ln|«c.lon of hrR3 with or without corcom.tant 
Xmis«.lonofCPA..nd,n..sur.dyV..dsof,ur^^^ 

aav ' there "ere approximately I =< W Pl'^^'-^^f '"^ ""'°Al^ 
X«intumo,.Sra.ats(" = l)<t«««--*C'>A,wher.^^^^^^^^ 

. , only I « 10' PFU of hrW in tumots from rati n = ^ *a. 
,^0, been treated with CPA. By 4 days, ihcr. w... snll t x 10- PFU of 



hrlO in tumors of CPA-ttu.ed rata, but only I x itf PFUIn contr. 
rals. These rewlts thua directly coneUte the m « w eidence sho. 
,„g an ctfec. of CPA on inaeaslng ^Jl^^.^^^ 
phsm. with ./. vl« measuremenu sfcowlng " j^'"' J*^* ' 
augmenting (he survival of oncolytic virus m mieaed tumors. 

CPA •ugn-.nt. tumor Infection by Intravascular «i«s 
After admlnlsttation of the oncolytic virus h.M through 
carotid intra^arterial route, pharmacologic modlficaaon of t' 
bC-tum«-b'aln barrier allows for 'PP-" ^7'^""'°;. 
romc rumor cells"". Thus, we next <'««'™"'^."I'«'^«; 
dl.lon of CPA resulted in an increase in the efficiency of t«n 
u nsductlon bv Intravascular virus. In Immunocompetent r 
w th svngenei intracerebral ra, 9L gllosarcoma tumor. C 
; ovtdeS a substantial increase both in the numbe. of po.mv 
«a,«dS«<i tumor, and in the .n.a of tumor ...o«^uctlon, a 
n.«irterlal treatment of immunocompetent rat, with h, 
and «t.?P.7. . pharmacologic modifier of the olood-tumor-bc 
ba ri«--ciata no. shown). B«:.use ,at 9L tumors do no. s 
p^t viral replicadon as efficiently as human tumors , we 
Swted the same experiment in athymic rats with a single hu. 
Zma xenograft in thcl. (ronul lobes. As in i.nmunocompe. 
fa^ CPA ptovlded a substantial increase both In th. uumbe: 
Dosmvei.^tnnsduced tumors and in the are. of tumor tiansd 
t "n by nn..artcrial hrR3 and RM1'.7 (Table 1). Turner, in n- 
r .'Lted With h,R3. CPA and KMP-T^ad many lacZ^osi: 
and HSV antlgcn-positive plaque. TL^t^.^ Jl^ 
However, only one of six rats ueated with hrM ihd W> 
"howed evidence of large intrttumoral plaques, and one o ■ 
rau ««ited with hiM and CPA had a small '■'""-"'^"iP' 
ng fa and Table I), m survival studl... \0% o 

tifymic r„. with a single, fpA and RMP 

w«rt cured by the combination of hrRi, CPA and RMP ' 
Tw Analysis of other organ, (liver, spleen, lungs, heart) d.d 
!1, evidence of lacZ-uansdudng, replicating virus erth. 
dTl or " death (d.u not Shown,. These studies demon, 
, a't CM slb".nti.lly increased both th. 
; "tumoral 'plaque' formation and rhe number of tumors , 
tivelv infected by intia-aiteiial htRJ. 



CPA allow, for delivery of virus Into moWpl. tumori 

the mo7m.lign.nt L untre.tab.e forms of intracerebral 



piiima IMS', ii CfA-!»- 
ratj 10, c and f) and 
(or orrieO idminiitrt- 
,sed in [he matiivalion 
ided onto V*fo celti i" 
auay. tard ^ HafTU 
<:ular adminiitfation 
•. plajma was used: 
e potent pnLivirat actf'- 
Q 10 the almost urtde* 





Rg. 4 Th, ^n.ate antivital activity in„r,ct, with "-P''-*!^^; '^^u Si 
'I .dent mann«. Plasma w,i prepared Irom 

athy«>ic rats W tf..t had t«n in^-d 
C»m.r (.) on day -2 and/or «nin cobri ^enom facior (CV^^^^ ""T^ ^^.^1, 
-1 « a dol of W U/kq and day 0 at 20 U/kg (dayi numbef ed *v.m rtipect 
day were '.^). S^.a. d-u^nn, (b^ow graphs) d unheard 



pUimrwer* ui«u . , , e .g dilution of ptaima. snnate aniivira. 

tCTA-Mg before th. a«By..M - 1 » ^'^^^^^ cPA. Hov^er. pre 

Cpl^lut^-n even gr-atef revr^al in athyrt^C rau (b). 



plums (malignant gUomu and metastatic tumors) mani- 
fest u multifocal and diffuse masses^ located throughout 
the brtift. To model juch lUtie«ci, wc injplantcd human 
U87<JEGFR glioma cells" into thr«« scparat* iniracerebial 
locatiotu. These tumon grew rapidly and reliably, caui* 
ing rat dtiaths by day U aftci implantation (results not 
shown). At d»y 8 after impiintation, wh«n tumors 
achieved a lelahvclv Utgc voUime, piodudng dirvical 
signs of illness, we treated rats with CPA (Oi vehicle) and 
intravasculaf hrR3 and RMP.7. Wc then coUected brains 
2, 4 and 8 days later to analyze the extent of tumor trans- 
duction, tn some anJmals, by day 2, all three tumors 
thowed evidence of small plaques; fciy day 4, more than 
90% of tumor ceils in all three foci were positively trans- 
duced; and by day ft, extensive Involution and tepession 
oif the intracercbraJ misses was evident {Fig. 7a), We did a 
computer-assisted analysts of percent tumor tranjduc- 
rion on days 2 and 4 after treatment In experimental rats 
(Table 2). Multiple tumor fod in a rat brain could be effectively 
transduced by intravascular administration of an oncolyric virus 
(Table 2). In survival studies, there was a siatistlcaUy significant 
prolongation in the sunlva! of rats with three separate Intracere- 
bral turoois after treatment with htR3. RMP-? and CPA (Fig. 7b), 
compared with survival after treatment wirn hrR3 and RMP7 (P < 
0.0021. Uats treated with mock injection and/or CPA perished by 
day 14 (data not shown). Rats that perished after treatment with 
hrR3, RMP7 and CPA showed evidence of lack of transduLtion of 
one or two tumors, whereas the other tumof(i) were Infected and 
had involuted or were regressing (Fig. 7c). .Analysis of other organs 
(U^-^r, spleen, lungs, hean) did.not show evidence of replicating 
virus either at the twoday time point or at death (data not 
shown). These findings dius provide evidence foe the efficacy of 
this tteatment against multiple intiacerebrat neoplasms. 

Ojscussjon 

The exploration of hose immune Interactions with oncolytic 
virus Ls not only biologically important bur also relevant for its 
therapeutic implications. .Successful delivery of viruses and vec- 
tors through the vasculature may provide ♦) mcaiM to target mul- 
tiple tumors in an organ, a fwt that has not been achieved so far 
in an efficient manner. Here w? discovered that this inefficiency 
is related to inactivation of the vector in rat plasma and tumor. 
This inactivation could be partially circumvented by a single doic 



Tabte 1 toc^ cONA transduction and vinl plaque formation in 

intracerebral human glioma itenogr&fu, 2 d after 
_____ inirnvascutor delivery of or^COlyCiC virus. 
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'Pcrctntago w«rc uioitUd connpdttf>«iuied irttyui of 'oc^-tap'tulng tumor ut» d<vkM' ' 
by tc<f tumor tftf- 'Skim r^fW/tt f)H fivmov 0/ jMMtf iM(h <Aubtt, tctlMxprminq tnc/«p«o> 
p<»lic 'pUqw»' dividrt by ih« nymW «f wteti wiimilt. "Viiuct ftprctenl tn« m«4K wrtth t,«,m. 
ii p*ie<Hhei«. 

of cyclophosphamide. Addition of this agent substantially In- 
creased virus jurvivai in the tumor, thereby increasing the num. 
ber of rars whose tumors were positively infected and the 
anatomic extent of tumor transduction. This led to a significant 
ptolongatjon*of rat survival, by involution of the brain tumors. 
This was achieved In rats that had three separate tntracerebtal tu- 
mors, were treated when their illness was clinically detectable (oa 
day 8 of a 14-day life span from tumor cell implantation) and 
showed radiologic evidence of uitracerebral shift and edema (Kl. 
and E AC. tesulM not shown). 

Enduring, protective, T ceU-mdependent tgM responses can be 
generated against some vituses** and our results indicate that such 
a response is elicited against HSV. The B-cell immunosuppressive 
agent cyclophosphamide (CPA) abrogated this response, which 
was detectable 4 days after virus administration. However, this 
time period falls to explain the considerable differences in the ex* 
tent and number of transduced tumors Z da^'s a/ter tntra'arterial 
vital admlnlstradon in the presence of CPA. An innate antivirai ac- 
tii'tty was thus discovered In plasma, whose function was partiaUy 
suppressed by CPA. We did sewl experiments to cliaracttrize tr. 
Clue) to its identity were provided by experiments showing that 
rat preimmiuie IgM plasma levels decreased by more than half 2 
days after treatment of rau with CPA (through its effects on B-cell 
production of Immunoglobulin); plasma treatment with antibody 
against IgM removed tlilj innate activity in a dose-dependent 



a 




AA(*ody conccntrition (mg/mti 

FI9. S Pretreatment of rac plasma with ntbbit antibody agiimt rat IgM ab^o- 
g<Ccf th« tnntct antiviriJ activity in j dost^pcrtdent m^ner. a. Rat plasma 
Wis pr»-incubated %vith increasing doses of rabbit tgC rai**d against fat IgM 
(•) or of rabbit prtinvnune I9C (O) bcfoi* being incututcd with hrRJ. vinji 



turvivaf was rnenur^ in « lacZ-pfaqut n«^rtra<iution aswy. Hpamntjl twi. 
log scale, b, Waima (onheated and diluted 1 :a) from rsis treated (fCW) or not 
tn*ttd (-CPA) twtth CPA was pr*-Mii>at*d with 60 m^d) of rtbbit antibody 
against rat IgM (•^Anti.tgM) or vehicle bcfon being incubated with hrR3. 
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t;^. 6 tntrivaicwlv adminitmtion of oncolytic virui to a iii%9le hum«n 
,)S7dECFR glioma xcnognft in rat brain, o, Ldcl gene traniduaion and 
f:'jqu*' formation in ch« tumor 2 c( «f:«r trMtmtnt vvith hf1l3. «MP-? diid 
■ C A tupp«f fow) Of M(3 aloft*, hrRJ and RMP-7, or hiH3 and CPA (lowir 
row). UF>p«r right, a section «dj4Cirtt to the sectioni in tha other two 
upp«r panels Ma» immuriohistochefnicaily procesied using polyclonal snti- 



Hfurn against H^v thymidine kinase (TK^ Scale bars repretant 400 pm. 
b, KAplari'Meief survival curvet. Arrows, time of catheter iution. The differ- 
ence in survival between the group tneatect writh CPA, hrR3 and IIMP7 and 
the group treated with hrR) and FIMP7 was uatJsticiily ]i9e\iflcam: p < 
0.005; the differencu in Survival all groups was also ugnificint: P < 
0.001 ; Wilcoxen signed rank uiL 
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. manner; this innate activity affeaed complement function, but 
! wjs tiot inaaivatcd by the usual treatments used to remove com- 
' pftfment; and depletion of calcium suppressed it. Preimmune IgM 
.: ly contribute to this innate aaivity, by binOinR to vinu and ac- 
. (ivating complement through the 'classical pathway'. Additional 
■ support for th<J involvement of complement is provided by the 
Finding that it& dcpletirtn with cobra venom factor also suppressed 
' the innate antiviral action (Fig, ^b). Other possibilities, such as 
LcINmcdiated immune responses and their produas^ do not seem 
as liktly. because ihty are elicited late after viral administration''" 
and because we used athymic rati. The CPA>Ubile activity had to 
ii -t;rati first with virus to protect cells from viral infection, thus 
; : '.icatlng that it was not cytoVine-based. Additional possibilities 
th3t remiiin tl\e focus ot investigation do not seem as Ukely, be< 
cause they would require » previously unknown mechanism for 
CPA-mediatwl supp region of these molecules, ihest; include a 
ittani\osc-bindin]$ protein that binds foreign antigens and acti- 
vates complement in a calcium-^lepentlcnt manner ('lectin path- 
Wiiy*; rvf, 21). and/or senim lipoproteins that art known to bind 
>tnU inattivaic KSV (ref, 29). Further evidence against involve* 
<i nt of setum lipoproteins tn our cxpertmental paradigm is their 
v ported indcpc iiOence 01 calcium fOf HSV inactlvation* and lack 
jf krown interactions Mth complement. 

These findings are relevant to the use of oncolytic HSV ve«ort 
tor (he treatment 0/ human rumor;. Humai) plasma inanlvjitL'd 
Vital transduiit\g ability to a dei;rcc sin^ilar to that uf iinmutio- 
competent rat plasma. CPA partially reversed this activity, indi- 
cating that its administration would improve the efficacy of 
oncolytic viral therapy lOr cancer now in trials'*, THe presence of 
')* innate activity in both human and rat plasma also indicated 
•lui ii wa5 unlikely to represent a natural antibody similar to the 
•ututal antthody atjain^t Gal found In human SCnun against 
murinij retroviruses**'". 
The fur«nt evidence favort a model in which intra vascular (01 



intratumoral) injection of oncolytic virus results In viral aggrega- 
tion by prCimmune IgM. Although by itself the strength of this 
binding is relativefy tow <as it Is present only in plasma at a dilu- 
tion of 1:2; Fig 2ii and b), these aggregates are lUtely to activate 
complement througti the calcium-dependent 'classical pathway', 
substantiaily enhancing the ability of plasma to Inactivate vims, 
even at dUutiom as high as 1: 32 (Ftg. 4). Moreover, large viral ag- 
gregates are likely to be inhibited In their ability to infect the cells 
and/or crofts the tight junctions chat cc^mpose the blood-brain 
barrier. CPA treatment of animals does not affect complement lev- 
els lt.«lf, but inhibits production of ptclmmune Immunoglobuliiis 

Table 2 UcZ cDt^ expression and viral plaque formation in 
multiple intracerebral tumors 2 d (rats 1 -8) and 4 d (rats 9*1 3) 
after intravascular administration 0/ oncolytic ^rifus^ 
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% Intraoeoplaitic loeZ cDNA expression' 
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Tumor 1* 


Tumor 2 


Tumor 3 
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10.3 (4.^)' 


2.6(1.5) 


0.« (0.3) 
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0 




0 
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4 (0.5) 
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S 


0 




t (0.3) 
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4(0.9) 
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1.5(0.7) 
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3.9(1,9) 
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97.7 (1.9) 


92.5(2.5) 


92.2(3.4) 


10 
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11 


89.3 (1.1) 


82.2 (4) 


82.1 (7.9) 




14.9(2.3) 
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0 
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65.1 (20J) 
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CP* and RMP 7 w«rr admiAisicrtd te all no. 'Ptfctntagtt vvtre utcultud !iy computor- 
titiitcd analysli of ^^tfpmiin^ tumor tm diviOtd by lattl tuiror ana . Tun^r 1 , J, 
and 3: ri^K frontal. riQht thaUmk tnd kft Fronts c<rtt)ril nwpUtmt, rttptctivity, 
Valu** <^*»t«nt ^^t mean, wiin i.a.m. m paitnlhem. *t«nor d d not c«jfali'(h fci IWJ 
loutioA in tMs rat 
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Fig- ^ Intrivascul^r idmWiiiU4tiori c/f oncolytic virus to human 
glkxna Jtenograftj ciublithtd in braini of nude rau. o. UcZ gene 
trariduction within thrf« ttparate human glioma xeno9ra*U. Two 
sections Irom rats with three lniraccr«bral tumors in both fronul 
loba <uppcf trr*») and in the thatamus (lower row), 2, 4 and 9 d a/ttr 
ftdffliniiUBtiort CPA, hrR3 and RMP-7. Scak bars reprewnt 2 n\m. 
Airo*n. involuted tumorj. b, KapUn-Meier lurvival curves Arrow, 
time of eatncferizaUon. Th« ditt«renc« in Mn/ival bstwten tht 
groups treated with CPA, hrR3 and I1MP7 {□) or hrfl3 and RMP7 
atom (•) wat static-realty si^nihcant: P < 0.002, Wilcoxon signed 
ranli teit). Rau in control groups (troated with rnock injection and/or 
CPA) perished within M d of twncx imptafltaiion. c Poitmorrem 
t>fain rrom one rai mat failed twaiment with CPA, hrR3 and RMP7, 
with 3 Urge intratumoral 'plaque' In an involutir»9 tUfTior. Arrow, 
nghc frontal tunior disappeared, however, the left Irontal tumor ap- 
oarently was noi infected and achitved a iargs voiumt , thut leading 
Co the fatal outcomi. Scale bari reprejent 2 mm. 
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(IgM and IgG) by B cells. CPA-mediated dcprcssiott of circuiting 
levels of IgM leads to dccrcsscd antiviral cot^iplemcnt aaWity. 
thus increasing the survival of virus in tumors. In fact, in our ex- 
pciimcntj, survival of virui in CPA-treated rat tumors was higher 
than that in conaol tumors by 1 x lO at 2 days and by I x lO' at 4 
days, when the bter of ceucraJuin^ annbodies is expected to rise. 
At this point, CPA's initial 'permission' for virus survival in in- 
fected tumors, combined with its abrogation of neutralizing anti- 
body tormatiun, sets up the intraneoplostlc propafjdtlon of 
oncolytic Vitus' progeny and the Involution of tvmors swn at the 
later stages of our experlmciit (djys 4-8 J. The effect of comple- 
ment inhibitors {such as cobra venom factor) as well as the effect 
of combinations of cobra venom fattor with CPA on brain tumor 
Infealon by the oncolytic virus need to be determined. 

Herpes simplex viruses have evolved several mechanisms to 
escape recognition by the immune system, such m the inactlva- 
tion of the C3 component of complement by glycoprotein C of 
HSV and the inactivation of some humoral antiviral functions 
by binding of non-immune and Immune 1-c fgC by glycopro- 
teins Z and I rrefs. 32.33). Not much is known about the ability 
of HSV tn inactivate IgM. The findings here may be generalized 
to other HSV strains, because a similar innate activity inactivated 
a HSV mutant from strain F and a HSV ampllcon derived from 
strain J 7. bur not a VSV*C psetidotyped reirovjraj vector (K.I. 
and E.A.C., unpublished results). 

Oncolytic viruses can provide selealve antiuuiccr effvcti in 
experimental tumor models****'. The addition of anticancer 
genes to the viral genome can also augment oncolysis^'. In fact, 
an 1CH6 mutant thai expresses the CYP281 gene responsible for 
the activation of the 'pro-drug' cyclophosphamide Into its active 
anticancer and Immunosuppressive metabolites has betn gener- 
ated-. This mutant and other HSV mutants should be .sifur and 
more effective than htR,! fyr further testing of intfavajtcuJar ad- 
ministration in appropriate primate modeb. Ultimately, 'tupcrs- 
dleciive' arterial cathctcrlwtion techniques provide an avenue 
rot safe and efftcaoious clinical trials in patients aftllcted with re- 
fractory, muUirocal tumors in an organ. 

Methods 

HSV'1 vecor stoclts. The yinjs uied here was the genetically engineered 
MiV mutant hrfl3. dt/ived from HSV-1 KOS. which hat a diinjptian of tt\w 
UL39 gene through insertion of the tsdmidyio cvii lacZ gene under the con- 



trol of the ICP6 promotef^**". The oncolytic selectivity of the virus has been 
deicribed**"*^". Viraf stocks were generated in Afrfcao gnecn monkey kidney 
cell culture CVero) and tiured try plaque aitiayi ai delcribBd^^ As a control a 
'moclc-«nfec6on' eAiraa was prepared from vehicle-inrecced celb using the' 
tame procedures. A total of 1 x 10* PfU in 1 00 ^1 were introduced into (he 
carotid artery as a bolus injection. The vinjs was also grown ^n 91 cells and 
U8r<£CFR cetb and ptisttgtd three times before ontiviraf Activity u ray. 

Cell Cloture. US7d£CFR cells were e gift from H.-|.Su Huang <Univerxi(y of 
California at San Oiego). This ctll line was estabiiihed by retroviral tranifer 
of a rrutant epidermal growth factor receptor {dc 2-7 £CFR) into u87 
human gfiobfaitom* cell fine, enhartcfng its tumorigenic cepecity in the 
brains of nude mice". Human Ufi7d&CPR cells and rat 9L glioiarcoma ceils 
were propagated at 37 *C in an atmosphere containing i% CQ2 tn 
Oulbecco'i modified Eagle medium (DK4EM) lupplemented witM faul 
calf serum containing lOOU/ml penicillin, 100 jig/mi streptomycin, and SO ' 
(fg/mt C4 1 8 (for the U6T<i£CFR cttltl 

Allays for antiviral acttvlly in plann*. in addition to cotlectfng plasma hotn 
rats, we collected human plasma from 20 patients before and 2 doys after 
they unflenwent chemethtfdpy with CPA. Plasma lampies were incubated for 
30 min ar 56 X and then serially diluted witft P8S (rtartng wth a 7:2 dilu- 
tion). Plasma treated w<th ECTA^Mg contained 10 mM tCTA and 7 mM 
MgOi. Plasma <1 00 nO was incubated with 2 x 10* PFU of hrR3 for 1 .5 h at 17 
•C and applied onto 4x10' Vero cells in 24-weH plates. Then, 1 6 h teier, cCU 
were fixed and tuintd for fl-gat»etosidate actJvi^. Neutralizirg andbody 
titers were determined by the highest dilution of heated plasma that reduced 
the numfoef of P-gabctosidase-positiv* cells by 50% or more, compared with 
control. Antiviral activity of plaima is ihown as percentage of the number of 
P-gaiactosidase-pQjit)we cells, compared with control. In pilot experiments, 
the ability of hrR3 to form a Iac2-pesitiv* plaque in Vero cells (4-5 days) ww 
esjenttally identical to its ability to initially transduce a cel. fot antibody neu- 
tralization studies, rabbit igC raised against rat IgM and rabbit oreimmune 
igC were purchased from Accurate Chemical & Sdentific CWestbury. New 
York). Increasing doses of antibodies were then incubated witn unhealed 
plasma from nude rats, diluted 1 ; A (Hnal plasma dilution 1 :8) for I h at room 
temperarure before incubation vvrlh wnji for l,i h at i? 'C- The mixture was 
then used to infect Vero cells to assay for effects on virel activity. 

AnimaJ itudiet. Adult male Pitcher 344 rau or female nude rats (mu/mu) 
were inesthedzed with an jntraperitoneai Injection of O S m of 0.9U NaO 
containing 1 2.i mg of kmmlne and 2-3 mg of *ylailne. A/ter rats were Im- 
mobilised in a icereotactic apparatus, a linear s^n Incision was made over 
the bregnu, and a 1-mm burr hole was drilled in the s^ull approximately 1 
mm anterior to and 2 mm lateral to the bregma on the right side. For the 
muMocai tumor model, two additional bun holes were dn'led. T>>efw^l was 
1 mm an tenor to and 2 mm lateral to the bregma on the left tide, and the 
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1 It^^^a^^v^ 2^ 1 0' PFU in 2 uO inoculated s«no. 

and then ^^^^^^^^^^^^^^ incuUUd « 37 'C ^x 1 K. 

,^id riri cc« tof ligniflcanc*. 

l(c£lveo 1 3 MAY; ACC£PT£0 6 lUNE 19W 

10? i-208I (1 998) nnrolviie vir»l muliot ih»t ddivtrt 

■ ami iranigcnc --^^ •«9»rtn« cydophotph.m.0. 

, ganciclovir ^dihfrp«,ir^p*.v.ru,wctarthM«u«>win(« 
•^TMlMiDiCNl . VOLUME J . NUMitM • AUCUSTt»M 



glioma confert *nft»rced (uworigtmciy- >^ 

joc;d by cHi,T,.,k w "S^tZs b% ch^«»". '""•r;**^ 



cin« oy •M«— T™ » ' 

d«cttK: eh*r»ciira«*A f „ ,Ji7uS in*crt.or*l mutigcr * u«d " <K:<^^ 
Cakbicin. 0.1. .tlf'l^, v-Sw^ 1 b wivMd (or v,«., q-*^* 

8B7 



